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A b strac t
Previous re sea rc h e rs  have  reported  th e  isolation of a d iphenyle ther cleaving 
organism , Erwinia sp., using an  en richm en t m edium  contain ing  lignin. A copper and 
dinitrophenol re s is ta n t  m u ta n t  of th is  organism , Erwinia sp. C u 3 6 1 4 ,  h a s  a lso  been  
repo rted . To a s s e s s  th e  e f fe c t  of c o p p er  on th e  g ro w th  and  b iochem istry  of th is  
o rgan ism , con tin u o u s  cultivation w a s  u sed  employing an  apparen tly  optimized 
m edium  containing e thanol a s  carbon  so u rce . Upon increasing  th e  c o n cen tra t io n  of 
co p p er  su lfa te  in th e  m edium  from 5 /yg/ml to  10 //g/ml in c rease s  in m axim um  
specific  g ro w th  ra te  and  g ro w th  yield w ere  seen .  Also d e c re a se  in th e  va lues  for 
doubling tim e and th e  coeffic ien t for m a in ten an ce  energy  w ere  see n .  At higher levels 
of co p p er  su lfa te  a  "non com petitive"  inhibition of g ro w th  w a s  s ee n  a s  indicated by 
th e  va lues ca lcu la ted  for su b s t ra te  affinity c o n s ta n t ,  and  inhibition c o n s ta n t .  To 
a s s e s s  this  o rg an ism 's  ligninolytic ability, an  a s s a y  for residual lignin w a s  developed . 
T h e  a s s a y  m easu red  a reaction  b e tw e e n  diazotized sulfanilic acid and  lignin in alkaline 
solution by sp ec tro p h o to m etr ic  monitoring of th e  resulting ad d u c t .  Use of th is  
te ch n iq u e  indicated  th a t  Erwinia sp. C u 3 6 1 4  could d eg rad e  up to  8 0 %  of lignin in 
b a tch  cultures. Further ev idence  ab o u t th e  ligninolytic ability of th is  organism  w a s  
provided by exam ination  of e lec tron  m icrographs of lignocellulosic su b s t r a te s  
in cubated  w ith  cell su sp en s io n s .  An a s s a y  for monitoring d iphenylether cleaving 
abilities w a s  also developed  using resazurin , a redox dye. in vivo a s s a y s  w ith  cells 
ob ta ined  from con tinuous  culture  s tu d ie s  ind icated  a linear relationship b e tw e e n  
th e  ra te s  of reaction  w ith  resazurin and  th e  a m o u n t of co p p er  a s so c ia te d  with cells. 
in vitro a s s a y s ,  employing cell free e x tra c ts  and resazurin , w ere  used  to  obtain a
fraction enriched in diphenylether cleaving activity by a h ea t trea tm en t procedure. 
This fraction could cleave methoxy groups from an arylether containing molecule, 
vanillin, to  produce vanillyl alcohol and triphenylphosphate. Degradation of lignin in 
a continuous culture w as  also dem onstrated .
C hapter 1
Introduction
Lignin is a com plex polyaromatic su b s ta n c e  found in all higher plants, 
occurring in c lose  assoc iation  w ith a lm ost all fo rm s of cellulose. Its ab u ndance , in 
to n n ag e , a s  a  naturally occurring organic material is seco n d  only to  cellulosics and is 
th e  r ichest in te rm s  of s to red  photosynthe tic  energy . T oge ther lignocellulosics 
a cc o u n t  for ab o u t 95  % of land based  b iom ass  - of w hich  50  % is cellulose and the  
re s t  is mainly lignin and hemicellulose - th e  ex ac t  figures varying w ith  sp ec ie s  ( Figure 
1.1) (Sarkenan and  Ludwig, 1 9 7 1 ; Britt, 1970) .
1 .1 . O ccurrence  and Functions of lianin:
Lignin plays m any  critical roles in plant cells. Apart from imparting rigidity it 
a c t s  a s  a p e rm anen t bonding a g en t  b e tw een  plant cell walls. The sch e m a tic  depiction 
of w ood  cell wall, in Figure 1 .2a , sh o w s  a primary wall (P), th e  thin outer layer of the  
seco n d a ry  wall (S,), th e  substantia l middle layer (S2) and the  very  thin layer (S3) - 
so m e t im es  know n a s  th e  tertiary wall (L.T.Fan e t  al., 1982). Within e ach  layer of the  
seco n d a ry  wall th e  cellulose fibrils are helically w ound , parallel to  th e  axis of the  
primary cell wall or perpendicular to  it. Figure 1 .2b  dep ic ts  the  distribution of each  
of the  co m p o n en ts  and  the  relative % com position of e ach  layer. In a general 
construction  sc h e m e  around a hollow lumen, fibrillar e lem en ts  consisting of cellulose 
are  w ound  in spirals to  give th e  fibers their tenac ity  and  flexibility. Hemicellulose 
provides an  intim ate interlacing and even  bonding b e tw ee n  lignin and  cellulose. Due
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Figure 1 .1 . C om parison  and  Com position  of h a rdw ood  and  so f tw o o d .  
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Figure 1 .2a  Schem atic  s tructure  of w ood cell wall.( Fan, L.T. e t  a l.f 1982
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Figure 1 .2b  Chemical composition of the  wood cell wall layers depicted in 
figure 1 .2a  ( adap ted  from Hale, 1989  ).
to  its  hydrophobic na ture  lignin d e c rea se s  w a te r  perm eation  ac ro ss  cell walls and aids 
in maintaining th e  direction of flow of m etabolites , nu trien ts  and  w a te r  in conducting 
t is su e s  like xylem. M ost importantly, its com plex  m olecular s truc tu re  se rv es  the  
crucial function of protecting plant t is su e s  from invasion by cellulolytic and 
pathogenic  o rganism s in nature  - w hich in tu rn  a c c o u n ts  for its recalcitrance to easy  
and quick biodegradation.
1 .2 . Ecological significance of Lianin
While higher p lan ts  and o ther pho tosyn the tic  o rganism s play major roles in the  
carbon  oxygen biochemical cycle by fixing C 0 2 and solar energy  in large am oun ts  
so m e  of th e  com plex decay  p roducts  of plant b iom ass, su ch  a s  tann ins  and m ost 
im portantly  lignins degrade slowly - o ften  over geological periods of tim e. Figure 1.3 
dep ic ts  th e  various interacting cycles  w hich recycle both carbon and oxygen 
(Crawford, R.L, 1981). Formation of humic s u b s ta n c e s  and fossil fuels ( like oil, coal 
and  natural g a s  ) from lignocellulosics are considered to  be the  ra te  limiting s te p s  in 
th e  carbon  - oxygen cycle  in nature . Our unders tanding  of th e  ecological p rocesses  
th a t  contribute  to  th is  im portant p rocess  is still rudim entary (Kirk, T .K .,1980).
1 .3 . Lionocellulose in Agriculture and  Industry.
Mankind for cen tu ries  h a s  exploited th e  ab u n d an t natural resources  available 
from lignocellulosics in various w a y s  and has  developed m any  industries utilizing 
th e s e  re sou rces . Chief am ong th e se  are agriculture, lumbering and paper making. All 
of th e s e  industries, either directly or indirectly, produce large am o u n ts  of 
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is used to  solubilize lignin from wood, prior to  paper making. Wood chips are cooked 
in a solution of Na2S / NaOH a t  about 17 0 °C  for about 2 hours. The lignin undergoes 
a variety of reactions, but the  m ost important of th e se  is its partial depolymerization 
and the  formation of ionizable (mainly phenolic hydroxyl) groups. These  changes  lead 
to  the  dissolution of the  lignin in the  alkaline pulping liquor (Gierer,1981). In Kraft 
pulping only about 9 0 %  of the  lignin is removed. The 10%  or so  of th a t  remaining 
in the  pulp is primarily responsible for the  brown color, characteristic  of Kraft pulp 
and papers. The remaining lignin is probably due to  its covalent binding to 
hemicellulose. The coloration is also due to  various conjugated s tructures, including 
quinones, complex catechols, chalcones and stilbenes, which absorb visible light. 
Almost half the  Kraft pulp produced annually is decolorized using a sequence  of 
bleaching and extracting s tep s ,  in which chlorine, hypochlorite, chlorine dioxide, 
oxygen and hydrogen peroxide are used. The effluent produced during the  Kraft 
bleaching process along with the  pulping process contributes to  the  bulk of the  w aste  
w a te r  pollution associated  with paper pulping industry (Table 1.1) (Erikson and Kirk,
1985).
Bleaching effluents are generally mixed with pulping and other w a s te s  and the 
combined effluent s tream  is subjected to  conventional w as te  reduction processes. 
These  usually generate  a sludge, which after removal of w a ter  is either sen t to 
landfills or burnt to  recover energy. The effluent w a ter  is usually colored and is 
usually discharged in to  receiving w aters  in the  US. In Jap an  and in som e European 
paper mills the  effluent is also decolorized to  remove all COD by a combination of 
uitrafiltration, foam flotation and alum coagulation. Pretreatment of thecellu losics by 
biological p rocesses  to  remove som e of the  lignin and thus  decrease  the  cooking time
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energy  c o s ts ,  h a s  been  an im portant option receiving considerable  a tten tion . 
Furtherm ore decolorization of th e  effluents  by microbial "bleaching" is th e  focus  of 
m uch curren t research  (Zadarzil and Reiniger, 1988 ; Erickson and Kirk, 1985).
R esearch  e fforts  aimed a t developm ent of low c o s t  and  low energy  p ro cesses  
for delignification of lignocellulosics is receiving considerable a tten tion  in ferm entation  
industry. Release of glucose, from cellulose by cellulolytic enzym es, for use  by 
m icroorganism s is considerably im peded by the  p resence  of lignin.
Table 1.1 Nature  of W as te  s t re a m s  from Paper and Pulping Industry.
Effluent M ajor components Properties
Bleaching Chlorinated phenols Low mol w t.
s tag e and resins; low color,high
fa tty  acids,chlorinated BOD*,toxic,
hydrocarbons;hypochlorite; bacterios ta tic .
chloride;carbohydrates; 
and their degradation 
products .
m utagenic.
Extraction Chlorinated and Oxidized Mostly
s tag e Kraft lignin; polymeric, high
Hemicelluloses and their color, high BOD
degradation products. and COD'.
$ Biochemical Oxygen Demand; t  Chemical Oxygen Demand.
Various pretreatm ents, like s team  explosion, high tem perature alkali extraction etc. 
( all energy intensive processes) have been used, but all face obstacles to be 
overcome in commercialization mainly due to  cost factors (Schwald e t  al., 1988). New 
sources for cellulose are being sought by the fiber industry and som e of the emerging 
technologies require a "mild" delignification process (Collier e t al., 1987). The role 
envisioned for an enzymatic system  would be to  remove lignin without destroying the 
crystalline lattices of cellulose fibers.
In this dissertation studies on the physiology and biochemistry of a ligninolytic, 
copper tolerant m utant of Erwinia sp. are being described. A new assay  for lignin, 
based on its ability to  react with diazotized sulfanilic acid w as  developed to  study 
Erwinia's lignin degrading ability. Also a redox reaction, unique to  the  arylether 
cleaving property present in this organism, w as  detec ted  by its activity on resazurin 
which changed from an oxidized purple dye to a reduced pink form. This provided a 
rapid assay  for dpe (diphenylether cleaving gene) activity both in vivo and in vitro. 
This w as  dem onstrated using a genetically engineered organism containing dpe from 
Erwinia sp. Cu 3 6 1 4 . Further validation of this assay  w as  accomplished by use of a 
fraction of proteins, partially enriched for the doe product from a cell free extract of 
Erwinia sp. Cu 3 6 1 4  to show cleavage of arylether links from vanillin. Electron 
micrographs tha t show  the  effect of this organism on native lignin, as found in 
lignocellulosic substra tes , have been presented to  confirm the  characterization of this 
isolate as  a ligninolytic species.
With a view to understand the physioiogy and biochemistry involved, 
continuous cultivation of Erwinia sp. Cu 3 6 1 4  w as  carried out in a chem osta t  using
an optimized medium. A role for copper ions in its ability to  c leave arylether links had 
been established earlier by Liaw (1989). Hence, along with the  usual param eters  like 
b iom ass formed and substra te  ( ethanol ) utilization, copper c o n ten t  in th e  culture 
vessel a t  a s teady  s ta te  and dpe activity in the  cells w ere  monitored. The data  
obtained w ere  used  to  evaluate physiological c o n s tan ts  like su b s tra te  affinity 
c o n s ta n t  ( K, }, maximum specific g row th  rate  { ), and grow th  yields ( Yx,s ). A
requirem ent for higher m ain tenance  energy and slower doubling of cells w a s  noticed 
a t high levels of copper in the  medium being fed in to  th e  ferm enter. Using lignin and 
ethanol a s  carbon sources  in the  medium being fed in to  the  system , biodegradation 
of lignin in a continuous culture w as  dem onstra ted .
Chapter 2
Literature Review
2.1 Chemical Nature of Lignin
Lignin is a complex, th ree  dimensional, polyaromatic molecule containing many 
stab le  carbon to  carbon and e ther  linkages b e tw een  its monomeric phenylpropane 
units. Depending on the  plant spec ies  th e  initial monomeric units are th ree  different 
type  of p-hydroxycinnamyl alcohols: p-coumaryl alcohol, coniferyl alcohol and/or 
sinapyl alcohol. The relative am ounts  determine th e  type  of lignin. Softw ood lignin 
are mainly polymers of coniferyl alcohol. Hardwood lignins are mixed polymers of 
coniferyl and sinapyl alcohol w h e rea s  g rass  lignins are mixed polymers of all th ree  
alcohols (Leisola and Fiechter, 1985).
Lignin is formed from the  precursor alcohols by chemical polymerization. The 
hydroxyl groups of the  alcohols are oxidized by a peroxidase or laccase , yielding free 
radical sp ec ie s  (Figure 2 .1). T hese  radicals then  couple in a non-enzymatic and 
random fashion. This polymerization of phenoxy radicals leads to  the  formation of a 
th ree  dimensional random polymer th a t  has  a very large molecular w eight. The lignin 
polymer is characterized by especially stable C-C and e ther linkages b e tw een  
arom atic  nuclei. A proposed sch em e  for the  s tructure  of lignin is sh o w n  Figure 2 .2 . 
Table 2.1 sum m arizes, in a simplified m anner, the  various su b s truc tu res  found in 
te rm s  of relative abundance  in a simple molecule. Aryl e ther links, be tw een  tw o  
arom atic  nuclei either linked directly or through aliphatic side chains are  considered 


















Figure 2.1 Formation of lignin precursors. The phenoxy radicals for chemical 
polymerization of lignin are formed enzymatically by peroxidase from 
p-hydroxycinnamyl alcohol.
R, = r 2 = H - p coumaryl alcohol
R, = H R2 =  OCH3 - coniferyl alcohol
R, — R2 — OCH3 - sinapyl alcohol
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Figure 2 .2 S chem atic  s tructural formula for lignin (Adler, 1977)
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Table  2 .1 .
S om e  major bond ty p e s  in lignin
S tru c tu re Bond type P ro p o r t io n  ( c/< )
i~G" A ry lg ly c e ro l -  
(3-aryl e th e rs
48
B ipheny l 9 .5 -1 1
P h e n y lc o u m a ra n
s tru c tu re s
9 - 1 2
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degradation. The general validity of the  structure in Figure 2.1 has been confirmed 
by mild chemical depolymerization m ethods and subsequent analysis of the  resulting 
mono- and oligomeric products {Adler, 1977).
2 .2  A ssays for monitoring lionin biodeqradation.
One of the  primary requirements for the s tudy of degradation of lignin, by 
bacterial system s is a rapid, accurate , specific and inexpensive assay . Also needed 
are specific a ssay s  for the enzymes involved in the breakdown of lignin. The 
heterogenous nature of lignin causes  considerable interference in m ost of the 
commonly used a ssays  thus  rendering quantification considerably error prone 
(Browning, 1967). For the determination of lignins in biological system s, there are 
several factors tha t  m ust be considered, including medium compositions, the 
presence of biomass and the nature of the  organisms under investigations. 
Environmental factors for growth, like pH, also play major roles since lignin is soluble 
under alkaline conditions. The m ethods developed and available for studying lignin 
degradation by fungal system s, hence, are not readily adaptable for bacteria, which 
usually grow a t  more alkaline pH ranges (Janshekar, e t al., 1981).
Various procedures for lignin estimation have been reviewed by Browning 
(1967) and more recently by Kirk and Obst (1988). Considerable progress in 
biodegradation studies has been achieved by the  use of 14C labelled substra tes  - 
prepared either by specifically labelling lignin in plant materials (Crawford and 
Crawford 1988) or by in vitro synthesis of artificial lignin (Kirk and Brunow 1988). 
Artificial lignins are prepared by dehydrogenative polymerization of coniferyl alcohol 
and are often referred to, in literature, as DHP. Glasser (1980) has cautioned about
som e of the  shortcom ings of utilizing DHP lignin. The preparation of the  polymer 
ignores the  roles assigned to th e  cellulolytic enzym es in the  degradation m echanism  
( Prince and Steifel, 1987). Also the  polymer s tructure  is greatly a ffec ted  by reaction 
conditions. The procedure for preparing natural lignin with radiolabels involves the  
feeding of live saplings with 14C labelled precursors, su ch  a s  L-phenylalanine, 
cinnamic acid or ferulic acid. T hese  precursors are usually incorporated preferentially 
into plant lignin and upon further purification, con tam inan t free  radiolabeled lignin can 
be obtained. While this  does  provide an excellent su b s tra te  to  s tu d y  lignin 
mobilization by microbial sy s tem s , it does  involve time consuming procedures and 
instrum entation th a t  m ay not a lw ays be readily available.
Although lignin is the  ideal su b s tra te  for studying ligninolytic activities of 
microbial sy s tem s , the  complex chemical nature  of lignins renders s tudy  of individual 
bond cleaving p ro cesses  difficult. Also the  b e s t  m ethods  are slow, cum bersom e and 
usually expensive. Moreover the  a ssa y s  are not particularly well suited for 
either screening organisms for lignin degrading ability or for isolating m utan ts  
defective in som e of th e  enzym es. Often model com pounds, representing various 
ty p es  of bonds th a t  occur normally in lignin are employed to  s tudy  th e se  enzymatic 
activities. Certain polymeric dyes  have also been used  to  sc reen  for ligninolytic 
activity . T hese  have been used a s  rapid estimating tools, especially for the  onse t of 
secondary  metabolism in Phaenerochaete chrysosporium ( Gold e t  al., 1 9 8 9  ). 
Polymeric dyes Poly B, Poly R and Poly Y have been used  a s  model com pounds which 
are  b leached by hydroxyl radicals ( .OH ) in the  fungal degradation of lignin. These 
commonly used dye reduction a ssay s  are  not suitable for Erwinia (and other bacterial 
system s) since th e se  dyes  Poly B, R and Y are not reduced under alkaline conditions.
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Arylether link containing model com pounds  like p-nitrodiphenyl e ther ,  used  by Liaw 
and Srinivasan (1990a) are applicable for screen ing  and mainly qualitative purposes 
only. The hydrophobic na ture  of th e se  m olecules  m ak es  th e  quantita tive  delivery of 
th e  su b s tra te  to  a te s t  sy s te m  difficult.
2 .3  B iodeoradation of lignin
Unlike natural polymers such  a s  cellulose, proteins, carb o h y d ra tes  and nucleic 
acids lignin does  no t contain  readily hydrolyzable bonds  a t  periodic intervals. The 
enzym es th a t  degrade  lignin c an n o t  be very specific for their su b s t ra te s  and have to  
carry o u t non-hydrolytic reactions. Anaerobic degradation  m echn ism s  for lignin have 
not been  cleary estab lished . Slow abiotic degradation , favored by high tem p era tu res  
and  acidic or alkaline environm ents , re leases  small f ragm en ts .  Facile degradation of 
th e s e  fragm en ts  by microbial com m unities  m ay have led to  e rroneous conclusions 
concerning polymer degradation. M ost of th e  s tu d ie s  pertaining to  anoxic lignin 
degradation  have been  conducted  in the  co n tex t  of anaerobic  m e th an e  production 
from lignocellulosics (Colberg, 1988 .)  The degradations  of lignin derived oligomers 
have  been  reported , under anoxic conditions, by various au tho rs  (Ziomek and 
Williams, 1 9 8 9 ; Colberg and Young, 1985). Zeikus e t  a l . ,(1982) studied the  
decom position  in anaerobic  lake sed im en ts  of syn thetic  lignins and  alkali degraded  
syn thetic  lignins, a dimeric lignin model com pound , and  lignin related phenols, all 
labelled w ith 14C. Both 14COz and 14CH4 w ere  monitored. Degradation during a period 
of 11 0  days  w a s  limited to  low-molecular w eigh t material {< 6 0 0  Daltons). Based on 
th e se  observations  th ey  concluded th a t ,  in e c o sy s te m s ,  oxidative m echan ism s  play 
main roles in lignin degradation.
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Under fully aera ted  conditions certain bacteria  and fungi are  able to  degrade  
lignin. Neither rapid nor ex tensive bacterial degradation  h a s  been  reported  in 
literature. In a recen t review, Zim m erm an (1990) , h a s  listed several bacteria  and 
a c t in o m y ce te s  th a t  have been a sso c ia ted  w ith lignin degradation. Complete 
degradation  of lignified cell walls probably require the  com plex  in teractions and 
su ccess io n  of a  variety of bacteria and  fungi.
Of th e  bacterial sy s te m s  attributed w ith  ligninolytic abilities, gram-positive 
ac t in o m y ce te s  have been studied  in detail. Nocard/a, Rhodococcus, Arthrobacter, 
Streptom yces and  Thermonospora spp .,  re lease  up to  16%  of 14C labelled lignin as  
14C 0 2 (Trojanowski e t  al., 1 9 7 7 ; Haider e t  al., 1978 ; Gradziel e t  al., 1 9 7 8 ; Crawford, 
1 9 7 8 ; Phelan e t  al., 19 7 9 ; Kerr, e t  al., 1983 ; Pom etto  and Crawford, 1986). W eight 
lo sses  and removal of lignins from so ftw ood , hardw ood  and gram inaceous  lignin 
su b s t r a te s  by several Streptomyces sp. w ere  observed  (McCarthy and Broda, 1984). 
Lignin degraded  by Streptomyces sp. is dem ethy la ted , h a s  an  increased  oxygen 
co n ten t  and s h o w s  ch an g es  in its molecular size distribution (Zimmerman and Broda, 
1989 ). The production of high molecular w eigh t w ater-so luble  com plexes  consisting 
of lignin w ith  carbohydra tes  and proteins has  been  reported  a s  th e  main "ligninolytic" 
activity of so m e  of th e se  Streptomyces spp. (Crawford and P om etto , 1988). Genetic 
manipulation of Streptomyces viridosporus to  yield s tra ins  show ing  be tte r  ra te s  of 
conversion  of lignin to  oligomers, w ith  th e  intention of producing specific  polyphenols 
for resin industries has  been a t tem p ted  (Crawford e t  al., 198 4 ).  The oligomers 
form ed could be used  as  im m unoadjuvants, since th ey  p o sse ss  promising properties 
like an  ability to  co n cen tra te  and p resen t th e  an tigens  more effectively to  the  host
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immune system  thereby prolonging its immunogenic response (Crawford e t al.,
1986).
A variety of enzymes capable of oxidizing lignin model com pounds (LMC) have 
been isolated. S. viridosporous produces extracellular a t  least four forms of 
peroxidases when grown on lignocellulose. A purified preparation of one of these  four 
isoforms of the enzymes catalyzed the cleavage of C0-CQ bonds of IS-0-4 and 12-0-1 
structures of LMC in the presence of hydrogen peroxide. The C„-carbonyl groups of 
the LMC were reduced or the LMC were directly cleaved a t  the  Ca-CB bond by the 
enzyme (Ramachandra e t al., 1988). The best studied system s for ligin degradation 
have been carried out employing fungal sy stem s which have been described in 
section 2.4.
2 .4  Lignin degradation by Fungi
Some basidom ycetes and ascom ycetes  have been attributed with lignin 
degrading ability. The brown-rot and soft-rot fungi dem ethylate  phenolic com ponents 
of lignin, but cannot completely oxidize it to  C 0 2 and are considered to  be mainly 
responsible for degradation of wood polysaccharide. However certain white-rot fungi 
are capable of oxidizing 60 - 70  % of lignin to C 0 2 and H20 ,  while metabolizing the 
remainder to  small, often w ater soluble fragm ents (Tien and Kirk, 1984).
At present Phanerochate chrysosporium (Sporotrichum pu/veruntum) is by far 
the  best characterized ligninolytic organism. Interestingly, the  onset of lignin 
degrading ability is an activity of secondary metabolism, and may be associated  with 
the  production of asexual spores, after cessation  of growth (Faison and Kirk, 1985). 
P. chrysosporium produces a t least tw o  extracellular peroxidases tha t  are involved
19
in lignin degradation . The b e s t  characterized  enzym e, first iso lated  by Tien and Kirk 
(1984) and  later by R enganathan  and Gold,(1986) , is a hem e-perox idase  (UP). It is 
isolated in th e  high spin ferric s ta te .  Stoichiometric reaction  of th is  enzym e with 
hydrogen peroxide yields com pound I (figure 2 .1 ) ,  w hich is oxygenated , and  tw o  
equ ivalen ts  m ore oxidized th an  the  high spin ferrous (Fe+3) s ta te .  Reduction of 
com pound  I by a  single e lectron  from a su b s tra te  yields com pound  II, while ex ce ss  
hydrogen peroxide p roduces  com pound III. Com pound III is probably a ferric 
superoxide  or ferrous-oxy com pound th a t  is not a normal part of th e  reaction 
se q u e n c e  ( R enganathan  and  Gold, 1986) Figure 2 .4 .  Com pound I of th e  enzym e 
oxidizes su b s t r a te s  in single e lectron s te p s  and h en ce  p roduces  cation radical 
in te rm ed ia tes  in the  su b s tra te .  The identification of su ch  radicals has  a llowed an 
explanation of both th e  diverse products  formed from simple LMC and th e  efficacy 
of th e  enzym e in degrading the  random  polymer of natural lignin. The su b s tra te  
cation  radical can  participate in a variety of non-enzym atic c leavage  reac tions  which 
can  be rem ote  from th e  enzym e. Molecular 0 2 is no t required for the  c leavage  
(N akatsubo e t. al., 1981).
The second  lignin peroxidase, (MnP) is also a hem e enzym e and is unusual in 
its requ irem ent for chela ted  Mn(ll) a s  a physiological reduc tan t.  T he chela ted  Mn(lll) 
p roduced by P. chrysosporium  is capable  of oxidizing su b s tra te  cen te rs  a w a y  from 
th e  sou rce  of origin. Mn(ll) h a s  been sho w n  to  have a regulatory role in the  
production of both MnP and LiP in m any  w hite  rot fungi. (Bonnarme and Jeffr ies ,
1 9 9 0 ,  Niku-Pavola e t  al., 1988) Rigidosporous Hgnosus, the  MnP h as  been sh o w n  to  
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Figure 2 .4  Interrelationship betw een  the five redox s ta te s  of lignin peroxidase. 
Reaction paths 3 — > 5 — > 4  — >  3 indicate one catalytic cycle of the  
enzyme. AH2 =  Substra te  (Renganathan e t  al., 1986)
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The associated  enzym es of P. chrysosporium, especially cellobiose oxidase, 
has been proposed a s  the  source of hydrogen peroxide required for the  peroxidases 
to reac t with lignin (Figure 2.5) (Leisola and Fiechter, 1985; Prince and Steifel,
1987). Tw o approaches have been used to  enhance the  production of ligninases in 
white rot fungi. The primary approach has been to  screen  for strains tha t inherently 
produce higher am ounts  of ligninases . Also s tudies aimed a t  increasing their 
productivities by addition of various nutrients and chemicals to  the  growth and 
induction media have also yielded som e results. Asther e t a l.(1988), have described 
the e ffec t of various additives such  as  surfactan ts , vegetable oils and veratryl alcohol 
on the  grow th and enzyme production in a strain of Phanerochate chrysosporium 
INA12. A ligninase activity of 39  nkat/ml of culture medium containing 4 mg/ml of 
mycelial (dry) biomass, a t  the  end of an incubation period of seven days has  been 
reported. ( Ligninperoxidase activity is expressed as  katal units based its rate of 
conversion of veratryl alcohol to  veratraldehyde ). With this level of activity ( along 
with 2 0 0  nkat of glucose oxidase and 18 mM of glucose ), about 6% of 14C in 
labelled lignin is solubilized in 4  - 5 days (Galliano e t al., 1991 ).
From much of the  current research, recently reviewed by Leisola (1990), a 
general picture about the  various interacting pathw ays pertaining to  lignin degradation 
is emerging. Noticeably a striking similarity exists be tw een  the  synthesis  of radical 
cation mediated lignin in plants and its reversal by free radical based degradation in 
microbial sy s tem s  (Prince and Stiefel, 1987). Kirk and Farrel (1987), com pare this 
oxidative depolymerization with combustion to carbon dioxide and w ater  and have 
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Figure 2 .5 .  Source  for hydrogen peroxide in ligninolytic fungi (Redrawn 
from Prince and  Steifel, 1987)
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2.5  Erwinia - a ligninolytic bacterium
A bright red pigmented, Gram negative, short rod shaped organism w as  
isolated from sew age  by sequential enrichment on methanol and Kraft lignin by a 
continuous cultivation technique (Chon, 1984). Methanol w as  used as  a primary 
carbon source since it is a product of arylether cleavage of methoxy side chains 
found in lignin. The carbon source w as  substituted to  lignin and the vessel w as  held 
a t a pH of 9 .0  to allow for increased solubilization of ligin. Using the ability to  grow 
in a medium with only lignin as  a sole carbon source, as the selection factor, a bright 
red pigmented organism w as  isolated and tentatively identified as Erwinia sp. ( Chon, 
1984). This organism w as  shown to  generate a large number of aromatic molecules 
in small amounts from lignin, using only qualitative techniques. This activity w as  not 
enhanced by H20 2, indicating tha t a mechanism different from those observed in 
fungal system s, LiP and MnP, could be operating (Chon, 1984).
Based on the  similarity betw een hemiacetal linkages and ether bonds, 
p-nitrophenylglucoside (PNPG) and salicin were chosen as model compounds for lignin 
by Narva (1985). Using salicin as  the  selective carbon source and pBR322 as  a 
vector, tet* and am pr colonies of Escherichia co/i transformants containing a DNA 
insert from Erwinia were obtained. Cells bearing the  recombinant plasmid pNC1 could 
release a t  least one (uncharacterized) low molecular weight compound from lignin. 
The DNA sequence indicated that the gene for "aryletherase" w a s  being transcribed 
by read through of the transcription initiated a t  the  tetracycline resistance promoter 
in pNC1. The predicted translation product w as  estimated to have a  molecular weight 
of 2 1 ,0 0 0  daltons (Narva, 1985). The apparent lack of any regulatory elem ents from 
Erwinia in pNC1 w as  further investigated by Carey (1986). Initially a library of Erwinia
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DNA w a s  construc ted  in lambda phage. By restriction endonuclease  mapping of DNA 
from one of the  phages  th a t  show ed  homology to  the  insert in pNC1, the  aryletherase  
activity w a s  localized to  a 7 9 2  bp fragm ent. Subcloning of this  fragm ent, along with 
flanking regions of Erwinia DNA, in to  pUC19 yielded tw o  plasmids pJC 2 and pJC 39 , 
both expressing higher levels of aryletherase  activity than pNC1. Release of p- 
nitrophenol from PNPG w a s  used  a s  a m easure  of aryletherase  activity. Interestingly, 
th e  activity of ary le therase  in th e se  plasmid bearing s y s te m s  w a s  lower than  those  
observed in cell free ex trac ts  from Erwinia. While th e se  studies  w ere  based  on the  
assum ption  th a t  aryle therase  protein recognizes the  aromatic m oiety in PNPG, 
conclusive evidence th a t  the  reaction is not due som e IS-glucosidase-like activity w as  
not provided.
Among a majority of enzym es th a t  have been sho w n  to  be involved with key 
roles in oxidation of recalcitrant organic molecules ( laccase , ligninase, tyrosinase, 
m ono-oxygenases  and di-oxygenases ) metal ions play active roles (Sariaslani, 1989). 
It is relevant th a t  th e se  metal ions ( primarily Fe, Mn, and Cu ) belong to  the  group 
of transition m etals  in th e  periodic tab le  of e lem ents , characterized by their ability to 
display multiple oxidation s ta te s .  Their ability to  transfer e lec trons, by switching 
be tw een  high and low spin s ta te s ,  allows them  to  play im portant roles in redox 
proteins th a t  are a ssoc ia ted  with electron transport sy stem s. Since transition m etals  
like Mn+2, and Fe+2 play important roles in lignin degradation by fungal sy s tem , Liaw 
(1989), sc reened  for res is tance/to lerance  to  th e se  and other metal ions in Erwinia. 
Based on th e se  s tud ies  and the  knowledge abou t the  role played by copper proteins 
in single electron transfer in som e bacteria  (Hussain and Davidson, 19 8 6 ; Ingledew 
1986), a t te m p ts  w ere  m ade to  genera te  a copper resistan t m utan t of Erwinia.
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Following chem ical m u ta g e n es is  and  screen ing , a copper  and  2 ,4  dinitrophenol 
re s is ta n t  m u ta n t ,  Erwinia sp. Cu 3 6 1 4 ,  w a s  s e le c ted  (Liaw, 1 9 8 9 ) .  This w a s  carried 
ou t under th e  a ssu m p tio n  th a t  su ch  an  organism  a lso  w ould  p o s s e s s  an  a lte red  
e lec tron  tra n sp o r t  chain  th a t  would be less  sensitive  to  phenolics, g en e ra te d  by th e  
ary le ther cleaving activity  on lignin. This s tra in  lost its ability to  g row  on g lucose  and 
s h o w e d  no p igm enta tion , sugges ting  th a t  so m e  of th e  a lte ra tions  could be m em brane  
a s s o c ia te d  (Liaw, 1989 ).
This  isola te  exhibited , in resting cell a s s a y s ,  e n h an c e d  ability to  c leave  
a ry le ther linkages in d iphenyle thers  w h en  incubated  w ith  co p p er  ions. Isolation of a 
T n5  tra n sp o so n  induced  m u ta n ts  of Erwinia sp. Cu 3 6 1 4 ,  w h ich  lost th e  ability to  
c leave  ary le ther links a s  well a s  th e  re s is tan ce  to  copper ,  indicated a possible role for 
a c o p p er  a sso c ia te d  activity  in th e  degrada tion  of a rom atic  e th e rs  ( Liaw and 
Srinivasan, 1 9 9 0 b ) .  A 2.1 Kb Hindlll DNA fragm en t containing dpe  gen e  ( encoding 
d iphenyle ther cleaving activ ity  ) from Erwinia sp. Cu 3 6 1 4 ,  w a s  cloned in to  plasmid 
pU C 19 and  tran s fo rm ed  into E.coii J M 1 0 7 .  Radiolabeling of th e  p ro te ins coded  for 
by th is  plasmid s h o w s  th e  p re sen ce  of a 21 KDa protein a s  th e  main dpe  product.
This d isse rta tion  is a im ed a t  address ing  so m e  of th e  q u es t io n s  arising ou t of 
previous s tu d ie s ,  ab o u t th e  relationship b e tw e e n  copper  re s is ta n c e  (tolerance) and  
doe  activ ity  and  th e  implicit ability to  deg rade  lignin. To u n d ers tan d  th e  physiology 
and  b iochem istry  of g ro w th  of th is  organism  under th e  influence of e leva ted  levels 
of co p p er  ions, co n tinuous  cultivation te ch n iq u es  w e re  used .
2 .6  U se of co n tin u o u s  cu ltivation  in th e  s tu d y  o f m icrobial physiology.
Continuous cultivation s y s te m s  have been  u sed  to  s tu d y  th e  physiological
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behavior of microorganisms a t  a " s teady  s ta te " .  Under s tead y  s ta te  conditions 
fac tors  such  a s  medium composition, product and su b s tra te  concentrations, 
environmental conditions such  a s  pH and tem perature  are held co n s tan t .  This 
provides a tool to  observe the  e ffec ts  of population grow th  ra te s  on physiology, 
w ithout altering m any variables a t  the  sam e  time. Conversely the  e ffec t  of medium 
com ponen ts  on growth ra tes  and specific biochemical m arkers  can  also be monitored 
( Calcott, 1981 ; Matin, 1981).
Bazin (1981), has  reviewed som e of the  m any theoretical models tha t 
explain/predict the  g row th kinetics of microbial s y s te m s  growing in a c h em o s ta t .  The 
rate  of flow of materials in to  the  ferm enter has  a monitorable e ffec t  on grow th  rate, 
biom ass concentration and the  properties exhibited by cells a s  a consequence  of 
uptake of specific fac to rs  from the  nutrients/inhibitors in th e  feed. Products th a t  are 
formed a s  a result of "secondary metabolic activity" (growth d issociated  products) 
are not found in high am oun ts  a t  high dilution ra tes , since th e  biom ass in the  culture 
vessel has  only a limited am ount of time and are unable to  carry out secondary  
activities prior to  being "w ashed  out". "M aintenance energy  coefficients" can  be 
calculated for such  sy s te m s  to  evaluate the  metabolic s ta tu s  of th e  cell populations 
(Hempfling and Rice, 1981 ; Aiba e t al., 1979 ; Bailey and Ollis 1 9 8 6  ).
Dingier e t  al.(1988), have studied the  e ffec t of dissolved oxygen on the  levels 
and activities of Fe Mo containing nitrogenase in Azotobacter vine/andii, using a 
sucrose  limited continuous culture. Use of continuous culture sy s te m s  to  evaluate  the 
requirem ents of various trace  e lem ents  for optimal grow th  has  been docum ented  
( Sum m ers  e t al., 1979 ; Goldberg and Er-el, 1981 ).
Chapter 3
Material and  M ethods
3.1 Bacterial s t ra in s .
Erwinia sp. C u 3 6 1 4 : a ligninolytic, C u+2 res is tan t,  aryl e th e r  cleaving isolate 
from se w a g e .  (Srinivasan and Carey, 19 8 7 ; Liaw and Srinivasan, 1989). 
Acinetobacter PE7 pDPE 2 3 8 8 :  an isolate from a petrochem ical dum p site , capable  
of growing on salicylic acid a s  a sole carbon sou rce , harboring a plasmid containing 
the  dpe gen e  from Erwinia sp. C u 3 6 1 4  (Liaw and Srinivasan 1990b).
Escherichia co/i JM 1 0 7  [endA 1, gyrA 96, thi, hsdR17, supE44, reiA 1, A ( fac-proAB), 
lacPZA M 15] ( Yanisch-Perron e t  al., 1 9 8 5  ).
T w o tran s fo rm an ts  of th is  s train  w ere  used;
E.coli J M 1 0 7  transform ed w ith the  plasmid pUC19 ( bia, iac i'O P Z ' ) ( Bethedsa 
research  Labs. Bethedsa,M D.)
E.coli J M 1 0 7  pDPE21 ( bia, Iaci'O PZ', dpe* ). This plasmid con ta ins  a 2.1Kb insert 
from Erwinia sp. C U 3614 ,  encoding arylether cleaving activity. ( Liaw and Srinivasan, 
1 9 8 9  ).
Erwinia sp. C u 3 6 1 4  w a s  m aintained on NY ag ar  s lan ts  w hich con ta ined  (w/v basis) 
nutrient broth 0 .8  %, y e as t  ex trac t  0 .2  % , 1 .5 %  agar and C u S 0 4.5H20  (50 //g/ml). 
Acinetobacter sp. PE7 pD PE2388 w a s  maintained on salicylic acid m edium (Liaw and 
Srinivasan, 1990b) with kanam ycin sulfa te  (25 //g/ml).
E.coli J M 1 0 7  pUC19 and E.coli J M 1 0 7  pDPE21 w ere  m aintained on Luria Bertani (LB) 
agar containing 50  //g/ml of ampicillin ( Manniatis e t  al., 1982).
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3 .2  Preparation of lianin sam ples.
An acid precipitable fraction of lignin ( Indulin - W estvaco  Reax 27 ) w as 
prepared as  follows. A 50 g/i solution of lignin in 1 N NaOH w as  prepared and filtered 
through coarse filter paper to remove any alkali insolubles. The filtrate w as  acidified 
to  a pH of 4 .0  with concentrated HCI. The resulting precipitate w as  filtered and 
w ashed  with hot deionized w ater (acidified to  pH 5.0) to  remove soluble m atter. The 
residue w as  air dried a t 50°C . This process removes alkali insolubles, w ater solubles 
and retains mainly the  acid precipitable fraction of lignin. This is som etim es referred 
to  in literature as  APPL ( acid precipitable polymeric lignin. Crawford and Pometto,
1988). Stock solutions of 1 - 5 mg/ml of this APPL in 0.1 N NaOH were prepared and 
used in these  studies.
3 .3  Lianin biodearadation s tud ies.
Biodegradation studies were carried out using stationary phase cultures, as 
described by Liaw and Srinivasan (1990a). Cells were grown ,for a period of 2 4  hours 
in 50 0  ml of LB broth with C uS04 5H20  ( 4 0 //g/ml), for Erwinia sp. C u3614  and in 
LB with kanamycin sulfate (2 5 //g/ml) for Acinetobacter PE7 pDPE2388. These were 
harvested by centrifugation a t 6000g  and resuspended in 50  ml of pH 8 .0  phosphate 
buffer (0.05M). To a ten  ml aliquot of the  cell suspension in a 25 ml Erlenmeyer flask 
(flask I) lignin w as  added to  a final concentration of 100 or 200  //g/ml, using a stock  
solution prepared in 0.1 N NaOH. Three controls w ere also prepared as  follows; flask 
II w as  identical to the  first flask except th a t  lignin w as  added to it a t  the  end of the 
incubation period. Flask III had no cells, only buffer and sam e am ount of lignin. Flask 
IV contained the cell suspension but lignin w as  not added to it - only the  sam e
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volume of 0.1 N NaOH w a s  added as  w a s  used to  deliver the  lignin in the  first case . 
A t end of the  specified incubation period any further biodegradation w a s  s topped  by 
raising the  pH to  abou t 10 by the  addition of 1 ml of 0 .5  N NaOH. The co n ten ts  were 
transferred  quantitatively to  centrifuge tu b es  and spun  a t  1 0 ,0 0 0  g to  rem ove cells. 
The pellets w ere  w ashed  tw ice by resuspending them  in 5 ml of 0.1 N NaOH and 
recentrifugation. The superna tan t fractions w ere  pooled and acidified by the  addition 
of 1 ml of 2N HCI and centrifuged a t  1 2 ,0 0 0  g for 20  m inutes to  obtain com pact 
pellets of APPL. This w a s  air dried a t 5 0 °C and redissolved in exactly  10 ml of 0.1 
N NaOH and used  for a ssay s .
3 .4  Preparation of diazotized sulfanilic acid  and  its reaction  w ith  lianin.
The following solutions w ere  prepared and chilled on ice;
(a) 0 .5  g of sulfanilic acid and 0 .5  g of sodium nitrite in 10 ml of 0 .2 5  N NaOH.
(b) 0 .5  N HCI.
(c) 10 % (W/VI of ammonium sulfam ate.
Ten ml of 0 .5  N HCI w a s  added in a drop w ise  m anner, w ith  mild shaking, to  the  
chilled mixture of (a). ( Proper chilling and slow addition w ere  found to  be essential 
a t  th is  s tage).  After 30  m inutes, 10 ml of ammonium su lfam ate  w a s  added to  this 
mixture. After 5 m inutes 0 .6  ml of this mixture w as  added to  prechiiled te s t  tubes. 
One ml of lignin sam ples  and standard  solutions {containing up to  100  //g /  ml of 
lignin) in 0.1 N NaOH w a s  added rapidly to  each  tube . The tu b es  w ere  kept a t  room 
tem pera tu re  for 3 0  m inutes, then  placed in a boiling w a te r  bath for 5 m inutes, cooled 
and absorbance  a t  5 2 5  nm w a s  read, with the  0  //g/ml of ligin sam ple as  a blank.
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3 .5  Preparation and  t re a tm e n t  of lionoceHulosic s u b s tra te s .
Ten g ram s of tw o  inch long p ieces of sugar  can e  rind w e re  so ak ed  overnight 
in one liter of 0.1 N NaOH. T hese  p ieces  w e re  w a sh e d  w ith  a large e x c e s s  of w a te r  
to  rem ove any  residual alkali and dried overnight a t  7 5 °C. Five g ram s (w e t weight) 
of Erwinia sp. C u 3 6 1 4  cells w ere  su sp en d ed  in one liter of 0 .0 5  M Tris HCI buffer 
(pH 8 .0 ).  T w o gram pieces of alkali tre a ted  rind w ere  a lso  added  to  th is  suspension , 
for b iodegradation s tudies. The control flask contained  only th e  buffer (with out cells) 
along w ith  2 g p ieces of rind. After 7 2  hours of incubation, on a rotary shake r  a t  
3 2 °C , th e  rind p ieces w ere  removed and rinsed under flowing ta p  w a te r .  Both the  
control and  trea ted  rind p ieces w ere  soaked  in 0.1 N NaOH ( one liter) for one hour. 
The p ieces  w ere  rinsed once again, with w a te r ,  and dried a t  7 5 °C for ab o u t 12 
hours. The e lectron  m icrographs of th e se  sam p les  w e re  prepared by Pankaj Agarwal 
Dept, of Chemical Engineering, LSU a t Baton Rouge) and Cindy Henk (Dept, of 
Microbiology, LSU a t  Baton Rouge).
3 .6  S tud ies  w ith  resazurin.
3 .6 .1  Resazurin conversion s tud ies  w ith  bacterial s t ra in s .
S uspensions  of cells of e ither E. coli JM 1 0 7  pDPE21, o r f .  coii JM 1 0 7  pUC19 
or Erwinia sp. C u 3 6 1 4  w ere  prepared in Tris HCI (pH 8 .0 ,  0 .05M ) buffer. To 10ml 
of th e s e  su sp en s io n s  in 25ml flasks, s to ck  solutions of resazurin ( 10 mg/ml, freshly 
p repared , in 0 .0 5  M pH 8 .0  Tris HCI buffer ) w ere  added  to  final co n cen tra tio n s  of 
10 0  //g/ml. W here required, th e  cells w ere  preincubated for 15 m inu tes  a f te r  addition 
of KCN ( 1 //molar) prior to  the  addition of resazurin. T h ese  su sp en s io n s  w ere  
incubated  in rotary shake r  a t  3 2 ° C .  One ml sam ples  w ere  d raw n  a t  specified tim e
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intervals and added to  microcentrifuge tu b es  containing 0 .5  ml of 0.1 N NaOH. The 
tubes  were centrifuged in a microfuge and absorbance of the  supernatan ts  w ere  read 
at 6 0 0 n m , after appropriate dilutions with buffer, against w a te r  blanks. Absorbance 
values a t  6 0 0  nm of various resazurin solutions ( 0 - 2 0  //g/ml) were used to 
construct a calibration plot. This w as  used to  calculate the  decrease  in concentration 
of resazurin by various bacterial strains. These values represent a decrease  in 
concentration of only th a t  form of resazurin ( oxidized, purple) th a t  has  an absorption 
maximum a t  600nm .
3 .6 .2  Effect of dpe bearing strains on resazurin.
E. co/i s trains , JM 1 0 7  pDPE21 and JM 1 0 7  pUC19 w ere  grown in 100ml of 
LB broth containing 50 //g/ml of ampicillin, harvested by centrifugation a t  6 000g  and 
resuspended in 10 ml of fresh medium. These suspensions w ere  transferred to  25 ml 
sterile Erlenmeyer flasks. Filter sterilized s tock  solution (2 mg/ml in 0 .05M  Tris HCI 
pH 8.0) w a s  added to  th ese  flasks to  the  required concentrations and incubated in 
a rotary shake  a t 3 2 °C . One ml sam ples were withdrawn a t  various time intervals, 
acidified by the  addition of 0 .5  ml of 1N HCI ( final pH =  2 .0  ) and spun in a 
miocrofuge. The absorbance of th e se  sam ples w ere  monitored over a portion of the  
visible range in a dual beam spectrophotom eter against w a ter  blanks.
3 .6 .3 .  Use of resazurin with cell free extracts .
The a ssay  system  consisted  of 2  mmolar solution of resazurin (25 //g/ml) and 
20  //M of KCN and cell free extract. The a ssay  mixtures w ere  incubated a t 32  °C for 
six hours. Reduction in resazurin absorbance at 600 nm was monitored spectrophotometrically.
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3 .7  Preparation of cell free  hom o o en a tes .
Cells of Erwinia sp. Cu 3 6 1 4 ,  grow n in a con tinuous  culture w ith  10-15  jug/ml 
of copper sulfa te  in th e  m edium, w ere  collected on ice and harvested  by 
centrifugation a t  4 0 0 0 g  for 10 m inutes. Cell p a s te s  (1 g w e t  weight/ml) in 0 .0 5  M 
Tris. HCI (pH 8.0) buffer w ere  lysed by th ree  p a s s a g e s  th rough a French pressure 
cell. Cell debris and  unlysed cells w ere  removed by centrifugation a t  1 1 ,0 0 0  g for 
15 m inutes  and th e  su p e rn a tan t  fraction w a s  co llected  a s  th e  crude , cell free 
preparation.
3 .8  Protein a ssay .
Protein concen tra tions  w ere  a ssay ed  using a protein a s s a y  kit supplied by 
BioRad laboratories. This m ethod  is based  on binding of C oom assie  Blue to  proteins 
(Bradford, 1976).
3 .9  Polvacrvlamide gel e lectrophoresis .
Sodium dodecyl sulfa te  (SDS)/polyacrylamide gel e lec trophoresis  (PAGE) w a s  
performed a s  described by Laemmli (1970). Proteins w ere  dena tu red  by boiling in a 
buffer containing 62m M  Tris-HCI (pH 6 .8 ), 7 .5 %  glycerol, 2%  SDS and 5% 
m ercap toethanol. T h ese  w ere  loaded on to  15%  gels and e lec trophoresis  w a s  carried 
out for abou t 4  hours a t  3 0  mAmp. Proteins w ere  visualized by staining w ith a 0.1 % 
solution of C oom assie  Blue R-250 for 3 hours followed by desta in ing overnight in a 
solution of 10%  m ethanol and 7 %  glacial ace tic  acid.
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3 .1 0  Analysis of vanillin break dow n by thin layer chromatography.
Analysis of the  action of protein preparations on vanillin w as  carried out by 
incubating a 100 //g/ml solution made with 0 .0 5  M Tris HCI (pH 8.0) buffer. The 
sam ples were incubated at 3 2 °C for 2 4  hours. Samples and controls (25 //bwere 
spotted  on TLC plates (Gel 670  F-254 Altech Associates, TX). The solvent system  
used for separation of the mixture of products formed consisted of hexane, 
chloroform, acetic acid, acetone in a ratio 5 :5 :1 :1 . The plate w as  air dried and 
exposed to uv (254  nm). The migration patterns of the  sam ples were seen as dark 
spo ts  against a light green background provided by the  fluorescent indicator present 
in the  plate.
3.11 Continuous cultivation s tudies .
3 .11.1 Media composition for continuous cultivation.
Chemical composition of the medium tha t w as  used for continuous culture is 
show n in Table 4 .1 . To avoid contamination a s  well a s  precipitation of media 
com ponents  the  feed storage vessels  were acidified to a pH of 4 .0  by the  addition 
of HCI. Also the  com ponents were separated into tw o  parts - the  first vessel 
contained the  carbon source (ethanol), the  nitrogen source (ammonium sulfate), 
phosphates  and yeast extract. The second vessel contained the  trace  nutrients, kept 
separa ted  from phosphates to avoid precipitation of the  mineral salts.
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Table 3.1
An apparently  optim ized m edia for con tinuous cultivation stu d ies.
Component. Concentration.
g/i
Ethyl alcohol. 5 .0
k2h p o 4 2 .4
NaH2P 0 4 0 .8
(NH4)2S 0 4 2 .0
Y east Extract. 0 .5
Antifoam ( Silicone oil P2000) 0 .2
Trace e lem ents: mg / 1
MgCI2.6H20 156
CaCI2 25
MnCI2.4H20 0 .1 2 5
CoCI2.6H20 0 .0 3
Z n S 0 4. H20 2 .5
F e S 0 4.7H20 1.5
CuS 0 4 6H20 5 - 25
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3 .1 1 .2  Experimental se tu p  for con tinuous  cultivation.
The medium w a s  fed into a 1 liter g lass  fe rm en ter by m e a n s  of a peristaltic 
pum p, through a sy s tem  of silicone tub ings  - w hich w ere  designed  to  feed th e  
m ateria ls  from th e  tw o  s to rage  v esse ls  a t  th e  sam e  rate . Alkali (1N NaOH) w a s  
pum ped to  neutralize th e  medium and maintain th e  pH a t  8 .0 .  The alkali pum p w a s  
controlled by a pH controller w ith  a sterilizable g lass  e lec trode  a s  the  senso r .  The 
te m p e ra tu re  of th e  vesse l w a s  maintained a t  3 2 ° C  and c o m p ressed  air w a s  sparged  
in to  th e  vesse l a t  ab o u t  2 VVM ( volume of air /volume of m edium  /m inute ). An 
overflow  device, operating due  to  the  positive pressure  in th e  vesse l ,  m ain tainedthe 
culture  volume a t  6 0 0  ml.
A t leas t 5 res idence  t im es  w ere  a llowed to  lapse a f te r  inoculating before 
sam p les  w ere  d raw n. T hese  sam ples  w ere  used  to  monitor th e  s te a d y  s ta t e  levels of 
s u b s tra te ,  b iom ass, copper and  ra te s  of reaction with resazurin.
3 .1 1 .3  Determination of b iom ass  c o n cen tra t io n .
T w o  25  ml aliquots of th e  culture a t  s te a d y  s ta t e  w ere  centrifuged a t  6 0 0 0 g .  
T he  su p e rn a tan t  fraction w a s  collected separa te ly  and th e  pellets  re su sp en d ed  in 
distilled w a te r  and  transfe rred  quantitatively to  previously w eighed  m etal drying 
d ishes. T h ese  w ere  dried to  c o n s ta n t  w eigh t to  de term ine  th e  dry w e igh t of b iom ass.
3 .1 1 .4  Determination of e thano l.
Ethanol concen tra tion  w a s  determ ined by g a s  ch rom atog raphy  with a Porapak- 
Q - m esh  size 8 0 /1 0 0  colum n and a flame ionisation d e tec to r .  Nitrogen, a t  2 0  ml/min 
w a s  used  a s  a carrier gas . The column w a s  m aintained a t  1 1 5 ° C ,  the  injector at
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1 2 5 ° .  Ethanol s tandards and samples ( 2 5 //I Jin the  range from 0 .0 0 5 %  to 0 .0 1 %  
w ere injected and the  response signal from the detector w as  analyzed using an on 
line Hewlett Packard integrator.
3 .1 1 .5  Determination of nitrogen levels.
Determination of the  nitrogen con ten t w as  carried out using the  phenol - 
hypochlorite method of Weatherburn (1967).
3 .1 1 .6  Determination of trace  elem ent concentrations.
Metal ions, including copper, and phosphorus concentrations were monitored 
by inductively coupled plasma emission spectrometry. The sam ples obtained from 
the fermenter were centrifuged to remove the biomass and stored after acidification 
with conc. HN03 (Wolnik, 1988). Concentrations as low as  20  ppb could be 
de tec ted  by this technique.
3 .1 1 .7  Resazurin conversion ra te s .
Duplicate samples (25 ml) from the culture at a s teady  s ta te ,  were drawn and 
added to  Erlenmeyer flasks. One ml of 2 .5  mg/ml resazurin and 1 ml of 25 mM of 
KCN were added. These were incubated in a shaker a t  32°C . At the  end of 15 
minutes, 1 ml samples were withdrawn and added to 0 .5  ml of 1N NaOH, to  stop the 
reaction. These were centrifuged and the absorbance w as  read at 60 0  nm.
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3 .1 1 .8  Degradation of lianin in a continuous cu ltu re .
Lignin w as  used as  an additional substra te ,  along with ethanol, in studies on 
degradation of lignin in a continuous culture of Erwinia. The composition of the  first 
feed vessel w as  changed to  include lignin a t  a concentration of 0.1 %, along with 
ethanol, phosphates , ammonium sulfate and yeast extract. This solution w a s  m ade 
with 0.2N  NaOH, to  keep the lignin in solution. The vessel with the  mineral nutrients 
w a s  altered to  contain 0 .2N HCI. At s teady  s ta te  sam ples were drawn and lignin 
con ten t determined by the diazotization technique.
Chapter 4
Results  and  D iscussions 
4.1 Lianin degradation  bv Erwinia so. CU 3 6 1 4 .
4 .1 .1  D evelopm ent o f  a colorimetric a s s a y  for lignin degradation.
S tud ies  on bacterial degradation  of lignin requires a sim ple, rapid and sensitive  
a s s a y  for residual lignin w hich can  be used  in the  p resence  of bacteria  b iom ass  and/or 
enzym es. This sec tion  desc ribes  the  developm ent of an a s s a y  based  on th e  reaction 
b e tw ee n  an  alkaline solution of lignin and a diazotized derivative of sulfanilic acid. 
Diazotization of proteins h a s  been dem o n stra ted  and  its use  a s  su b s tra te  a s  well a s  
a  probe for protein conform ation  has  been docu m en ted  ( Riordan and Vallee, 1 9 7 2 ; 
M ahadevan  e t  al., 1979).
Spec tropho tom etric  s c a n s  over a part of the  visible range of diazotized 
sam p les  obtained by reacting 5 0  //g/ml of lignin, 100//g/ml of protein (bovine serum  
albumin) and 1 0 0 0 //g/ml of bacterial biom ass (dry w eight), are  sh o w n  in figure 4 .1 .  
The am o u n t of b iom ass  used  is abou t 10 t im es  higher th an  the  levels u sed  for 
biodegradation s tud ies . This w a s  d one  to  e s t im ate  levels of in terference, if any, th a t  
could be ex p ec ted  from the  reactions  of diazo reag en ts  w ith  b iom ass  and also  to  
se lec t  a w aveleng th  a t  w hich th e  abso rbance  values for sam p les  could be m easu red . 
For this purpose a  sam ple  of protein solution sub jec ted  to  a similar t re a tm e n t  w a s  
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Figure 4.1 Spectrophotom etric  scan s  of diazo derivatives of lignin (5 0 //g/ml); Bovine 
serum  albumin ( 1 0 0 //g/ml) and dried cells of Erwinia sp. (1 mg/ml).
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suitable w avelength . The absorption maxima for the  diazo derivatives of tyrosine and 
histidine, th e  usual amino acids th a t  undergo reaction with diazo reag en ts  in proteins, 
fall outside the  range chosen  for lignin derivatives minimizing any  interference 
(Riordan and Vallee, 1972). Figure 4 .2  depicts  a typical s tandard  plot obtained for 0  - 
1 00  pg / ml of lignin.
Boiling the  mixture a s  a final s tep  before measuring abso rbance  deepened  the 
red color a s  well a s  s topped  th e  slow evolution of g a se s  th a t  w a s  observed in 
sam ples  th a t  w ere  not boiled. Presumably the  h ea t t rea tm en t degrades  any  unutilized 
diazo derivative of sulfanilic acid w hich otherw ise  breaks dow n slowly under alkaline 
conditions to  evolve nitrogen gas.
Table 4.1 sum m arizes th e  results  from the  s tud ies  on lignin degradation by 
Erwinia sp. C u 3 6 1 4. The am ount of lignin recovered from th e  various flasks indicates 
th a t  th e  a s s a y  sys tem  is suitable for th e se  studies. Recovery of lignin, from both 
flasks with cells and w ithout cells, is quantitative and reproducible. The contribution 
to  the  absorbance , a t  525nm , by cells is low. A t least 8 0  % of lignin, a t  2 0 0  /yg/ml 
levels, can  be degraded by Erwinia, in 4 8  hours.
Table 4 .2  sum m arizes the  lignin degrading activity of Acinetobacter PE7 
pDPE2388. Only abou t 55  - 60  % of the  total lignin a t  an  initial concen tra tion  of 
100jug/ml is degraded . This organism w a s  originally engineered to  c leave arylether 
links in lignin and metabolize the  arom atic  m onom ers re leased. W hether the  
d ifferences in the  degrading activity be tw een  th e se  tw o  stra ins is due to  som e other 
cellular factor is not clear. Isolation and analysis of th e  p roducts  formed by 
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Figure 4 .2  S tan d a rd  plot ob ta ined  for th e  reac tion  of lignin w ith  d iazotized sulfanilic 
ac id . T h e s e  v a lues  h av e  b e en  c o rre c te d  for th e  a b so rb a n c e  ob ta ined  for s a m p le s  
w ith o u t  th e  diazo rea g en ts .
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Table 4.1 Lignin degradation bv Erwinia so. Cu 3614.
Lignin added 
jjq /  ml
Lignin recovered 
in flask /jg /ml
% Degradation.
50 1 3 ± 2
II 53 ± 6
III 50 ± 6
IV 4 ± 2
94
100 1 20 ± 3
II 108 ± 6
III 100 ± 6
IV 4 ± 3
81
200 1 34 ± 4
II 203 ± 6
III 200 ± 6
IV 4 ± 3
83
Incubation time 48 hrs at 30°C.
Flask I Cells and lignin.
Flask II Cells, with lignin added at the end of the incubation period.
Flask 111 Lignin in buffer (no cells).
Flask IV Cells in buffer (no Lignin).
Results are from two experiments, done in duplicate.
The ± values indicate the range of values determined.
% degradation = lianin recovered in flask I
lignin recovered in flask II
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in flask fjg / ml
% Degradation.
48 I 48 ± 4
II 106 ± 6
III 100 ± 3
IV 8 ± 3
54
72 I 43 ± 3
II 109 ± 3
III 100 ± 3
IV 8 ± 3
60
Initial concentration of lignin 100 fjQ / ml.
Flask 1 Cells and lignin.
Flask II Cells, with lignin added at the end of the incubation period.
Flask III Lignin in buffer (no cells).
Flask IV Cells in buffer (no Lignin).
Results are from two experiments, done in duplicate.
The ± values indicate the range of values determined.
% degradation = lignin recovered in flask I
lignin recovered in flask II
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4 .1 .2  Studies using a lionocellulosic substrate
Figure 4 .3  show s a comparison betw een a sample of sugar cane rind tha t has 
been trea ted  with cells of Erwinia and a control sample. Both the  control and the 
biologically trea ted  sample were presoaked in alkali. Panel A in figure 4 .3  show s the 
control sample as a com pact bundle of cellulose fibrils held together, presumably by 
lignin. Panel B show s a sample tha t has been exposed to  Erwinia. This sample did not 
show any of the  rigidity of the control sample and could be easily " teased" in to  the 
individual fibers, as can also be seen  in the micrograph. A cross section of these  
samples (figure 4.4) show s considerable pitting in the  lignin rich interlamellar areas 
of the  plant tissue.
4 .1 .3  Summary of studies assessing the  effect of Erwinia on lianin
The reaction of diazotized sulfanilic acid with lignin provides for an accurate, 
simple and reproducible assay, without any appreciable interference by bacterial cells. 
The use of this assay  dem onstrates the  ligninolytic ability Erwinia sp. C u3614. This 
species  can degrade a t least 80  % of the lignin added ( 2 0 0  pg/m\ levels) to  the  cells 
in about 76  hours. This rate is higher than those  reported for any fungal system s 
including Phaenerochaete chrysosporium (Gold e t  al., 1989).
One of the simple and commonly used techniques for residual lignin estimation 
exploits the  UV absorbing property of lignin (Janshekar 1981). This m ethod, though 
rapid and simple, suffers from the obvious disadvantage of being sensitive to any 
non-lignin UV absorbing substances  encountered commonly in biological system s. 
The other protocols like Klasons sulfuric acid method, Kappa number - permanganate 
estimations and chlorine number are mainly suited for paper and pulping industries
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Figure 4 .3  Delignification of sugar cane rinjJ by Erwinia - micrograph shows 
easily separated fibers from bundles.
A - untreated control: B - treated with Erwinia .
Figure 4 .4  Cross section of sugar cane rind pieces trea ted  with Erwinia 
(panel B) and the untreated control (panel A). The interlamellar, lignin rich 
a reas  show s considerable pitting upon treatm ent with cells of Erwinia,
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and are not designed to  account for the  presence in high am ounts  of other 
biochemicals like proteins (enzymes) and bacteria, which form necessary  com ponents  
of biodegradation s tudies (Amer and Drew, 1980). The diazotization technique does 
not have th e se  draw backs and provides a rapid and reproducible assay  for the  study 
of bacterial lignin degradation. Further evidence for Erwinia's ligninolytic ability is also 
seen  in the  electron micrographs which indicate th a t  the  organism is able to  a ttack  
lignin a s  found in association with cellulose. This confirms the  earlier characterization 
of Erwinia a s  a ligninolytic organism.
4 .2  Development of an assay  to  monitor diphenvlether cleaving activity.
The need for a rapid a ssay  to  monitor the  activity of diphenylether cleaving 
(doe) system  from Erwinia w as  felt since m ost of the  conventional sy s tem s available 
for ligninolytic fungi were  not suitable. The polymeric redox dyes, used by Gold e t  al. 
(1989), w ere  useful only in acidic pH ranges as  a monitor of peroxide based catalytic 
activities. Use of arylether model com pounds like p-nitrodiphenylether (Liaw, 1989) 
w as  complicated by the  hydrophobic nature of th ese  molecules. Delivering th ese  to 
assay  sy s tem s  could be accomplished only by using organic solvents, which seem ed 
to  a ffec t the  cells due to  their nonpolar nature. A redox ( as  well as  pH Jindicator 
resazurin, which is used in the  food industry as  a m eans of rapid detection of 
microbial activity in (unstirred) sam ples of milk (Kiss, 1984), does  not posses  these  
d isadvantages. This section describes the  s tudies  aimed a t testing the  validity of its 
use in monitoring dpe activity.
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4.2 .1  In vivo s tudies  w ith resazurin.
Figure 4 .5  sh o w s  the  chemical struc ture  of resazurin. Resazurin is a redox 
indicator and is converted from a purple/ blue - oxidized form to  a pink reduced  form 
by a  change in redox potential caused  by m any viable bacteria. The redox 
environment for dihydroresazurin is in the  range of + 0 .2  - 0 .0  v. At a  pH of 8 .0 , the  
oxidized purple form has  an absorption maximum a t  600 n m  while the  reduced form 
has  a peak a t  575nm . Thus under alkaline conditions the  decrease  in concentration 
of oxidized resazurin can  be monitored by a d ecrease  in absorbance  values a t  600nm . 
At pH 2 .0  both forms have a peak a t  4 7 5 n m , a s  show n  in figure 4 .6 .
Figure 4 .7  sh o w s  the rate  of conversion of oxidized resazurin by Erwinia sp. 
Cu 3 6 1 4  and E.coii JM 1 0 7  pDPE21. The initial concentration of resazurin w a s  at 
1 0 0 //g/ml of the  cell suspension and the cells w ere  a t  a concentration of 1 0 mg/ml 
(wet weight). The rate of reaction is higher for Erwinia sp. Cu 3 6 1 4  w hen  compared 
with th a t  of the  E.coii strain harboring the  plasmid with the  cloned dpe insert. Also 
show n in the  figure is the  com parative ra tes  for th ese  tw o  strains in the  presence  of 
Im M  of KCN. The absorbance  values monitored a t  575nm  did not show  an increase 
with a  corresponding d ecrease  in the  concentration  of oxidized species  ( monitored 
a t 600nm ). Both strains show  only minimal change in the  presence of KCN, which 
is a potent inhibitor of e lectron transport based  redox reactions - especially of heme 
and porphyrin containing proteins (Solomson, 1981).
To determine w he ther the  presence  of dpe in th e se  tw o  sy s tem s  has  any 
e ffec t on th e  ra tes  of reaction with resazurin, a comparison with another strain 
w ithout th e  doe gene w as  also carried out. As seen  from figure 4 .8  the  ra te  for the 




























Figure 4 .6  A bsorption  s p e c tra  of resazurin  a t  pH 8 .0  a n d  2 .0  for bo th  th e  
oxidized and  th e  red u ced  form s.
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100 5 15 25 3020 35
Time (minutes)
  pDPE 21 w ith  1mM KCN — pDPE21 (no KCN)
~ E r w i n i a  w ith  1mM KCN —s -  E rw in ia  ( no KCN )
Figure 4 .7  Comparison of the  ra te s  of reaction for tw o  doe containing 
s tra ins Erwinia sp. C u 3 6 1 4  and E.coii JM 1 0 7  pDPE21; both in th e  ab sen ce  and 
p resence  of KCN (1mM). Cell concentration - 1 g /100m l (w et weight basis). Initial 
resazurin concentra tion  1 0 0 //g/ml.
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5 20 25 3010 15 350
Time (minutes)
pDPE 21 — p DPE 21 w ith  1mM KCN
pUC 19 - Q-  pUC 19 w i th  1mM KCN
Figure 4 .8  Comparison of th e  ra te s  of reaction with resazurin for tw o  
s tra in s  E.coii J M 1 0 7  pDPE21 and E.coii J M 107  pUC19, in th e  p re sen ce  and  a b se n c e  
of KCN (1mM). Initial resazurin concentra tion  a t  100//g/ml.
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JM 107  pDPE21 differs from E.coii JM 107 pUC19 only in the  presence of a 2.1Kb 
chromosomal DNA from Erwinia sp. Cu 3 6 1 4 . This 2.1Kb Hindlll fragment w as 
inserted in to  pUC19 to produce the recombinant plasmid pDPE21. Thus this 
experiment dem onstrates  the effect of the  presence of dpe on resazurin conversion 
rates.
Spectrophotometric scans  (figure 4.9) of acidified sam ples withdrawn from 
flasks after 18 and 36  hours of incubation in a rotary shaker, reveals tha t dpe may 
be involved in som e reactions other than just resazurin reduction. When compared 
with reduced resazurin, produced by protracted incubation with a non doe containing 
strain JM 107 pUC19, JM 107 pDPE21 produces a different spectrum. The peak 
seen  a t  475nm  in the  system  with pUC19, is reduced upon incubation with JM 107 
pDPE21. Also, a light green colored transient product having a minor peak a t  630nm , 
seen  in the  sam ples a t 18 hours disappears after 36  hours. These results indicate 
tha t  doe from Erwinia sp. C u3614  and E.coii JM 107 pDPE21 have an action on 
resazurin th a t  is unique and has the distinct advantage of being easily monitored.
4 .2 .2  Summary of in vivo studies with resazurin.
The dye resazurin can be reduced by doe containing system s, even in the 
presence of KCN. Though other cells (eg. E. cofi JM 107  pUC19) could also carry out 
this reaction the  ra tes  of resazurin reduction for doe containing system s were higher, 
especially in the  presence of the  potent electron transport inhibitor KCN. Also doe 
seem s  to  be involved in activities other than reduction of resazurin. When compared 
with the  absorbance spectrum of reduced resazurin a t pH 2 .0 , the  profile of the
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Figure 4 .2 .7  (shown in next page). Spectrophotom etric  sc a n s  of acidified 
sam ples  of resazurin reduced by E.coii s tra ins JM 10 7  pDPE21 and JM 1 0 7  pUC19 in 
the  p resence  of 1 mmolar KCN. Incubation time - 18 and 3 6  hours on a rotary shaker. 
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product formed in the  system  with dpe is distinctly different. A transient product, 
seen  after 18 hours, is not present a fte r  3 6  hours of incubation. Thus the  use of 
resazurin (in the  presence  of KCN) provides a rapid m eans  to  follow dpe activity.
The disappearance  of the  oxidized species , a t  6 0 0nm , is a property th a t  can 
be easily monitored w ithout any interference from reduced species . Since doe also 
carries out secondary  reactions, the  best indicator for its activity s eem s  to  be the  
ex ten t of decrease  in absorbance  a t 600nm . This is being referred to , from here on, 
a s  AR - indicating the  decrease  in the  am ount ( either in pg or ng ) of resazurin 
spec ies  th a t  absorbs a t  600nm .
4 .3  In vitro s tud ies  using resazurin.
The studies using whole cells have provided an a ssay  to  monitor dpe activity. 
To further investigate its mode of action and to  understand its role in arylether 
c leavage, the  studies  have been extended to  cell free sys tem s  of Erwinia sp. Cu 3 6 1 4  
and E.coii JM 1 0 7  pDPE21. Validity of extending the  a ssay  to  in vitro s tudies  and 
further localization of the  activity to  a specific intracellular fraction will be described 
in this section.
4 .3 .1 . AR values for cell Ivsates
Comparison of the  rates of reaction of Erwinia sp. Cu 3 6 1 4  and E.coii pDPE21 
with resazurin are show n  in Table 4 .3 . For the  sam e am ount of protein from cell 
lysate, Erwinia sp. show ed higher doe activity than  in the  system  harboring doe in 
E.coii. Activity has  been expressed as  AR (ng) /  pg of protein / hour. Presence of 
KCN (4 pmo\ar) s e e m s  to  have very little e ffec t on dpe containing sy s tem s  while it
Table 4 .3  Com parison of AR values for cell ly sa tes
Source for cell lysate
Specific Activity 
AR(ng)/ Protein(//g)/hour




E.coii JM 1 0 7  pDPE21 8 . 6 9 .3
E.coii JM 1 0 7  pUC19 0 * 3 .0
Erwinia Cu 3 6 1 4 16.0 18 .0
* No activity de tec ted  after 2 4  hours of incubation. 
Am ount of protein in a s s a y  system  =  100//g 
Activity w ith  4  //molar EDTA ( for all th ree  cases)  =  0*
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s e e m s  to  s top  any  of the  marginal "non d p e " related resazurin reduction in E, coli 
pUC19 cell lysate . EDTA, a t  4 //molar concen tra tion  , also inhibited th e  activity in 
all th ree  c a se s .  This s e e m s  to  indicate a role for divalent ca tions  in th e  reduction of 
resazurin (Auld, 1988).
Varying th e  am oun t of resazurin added  to  th e  a s s a y s  had very little e ffec t  on 
th e  ra te s  of reaction as  sho w n  in Table 4 .4 .  The specific  activity  w a s  c o n s ta n t  for 
resazurin  concen tra tions  g rea te r  th a t  10 //g /m l. A t 5 //g /m l th e  ra te  w a s  5-fold lower. 
M easu rem en ts  of ra tes  a t  concen tra tion  range b e tw ee n  1 - 5 //g /m I w a s  com plicated 
by th e  poor sensitivity of the  a s s a y  sy s tem  a t  s u ch  low values. V alues of AR of the  
order of 100ng could no t be m easured  w ithout a large margin of error. S ubs tra te  
inhibition, if any, is very small over the  range of concen tra tions  used  for th e  s tudy.
Table 4 .5  sh o w s  th e  e ffec t  of varying the  protein concen tra tion  a t  a fixed level 
of su b s tra te .  T hese  experim ents  w ere  carried ou t w ith  4 //m oles of KCN in the  a ssay  
sy s tem . The AR/hr values sh o w  a direct linearity w ith  protein concen tra tions . Based 
on th e s e  resu lts  th e  concen tra tion  of re a c ta n ts  to  be u sed , for o ther in vitro a s s a y s ,  
w ere  kept a t  th e  following levels; KCN 4  //m oles for 1 0 0  //g of proteins and the  
s u b s t ra te  ( resazurin ) a t  25  //g/ml.
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5 3 .5 0
1 0 14 .00
25 17 .80
50 1 7 .00
75 17 .60
1 0 0 16 .00
Protein concentration =  100//g/ml
KCN concentration =  4 //moles
Source for protein Erwinia sp. Cu 3 6 1 4







1 0 0 1600 16.0
2 0 0 3 6 0 0 18.0
5 0 0 8 8 0 0 17.6
Initial resazurin concentration = 100//g/ml 
Source for protein Erwinia sp. Cu 3 6 1 4
KCN concentration =  4  //moles
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4 .3 .2  S tudies  on partial purification
Table 4 .6  sum m arizes the  results obtained for purification s tudies  with Erwinia 
sp. Cu 3 6 1 4 .  Initially, a 3 0 %  saturation of am monium sulfa te  precipitation w as  
carried out. The ammonium sulfate  concentra tion  w a s  raised to  7 0 %  saturation  and 
the  precipitate w a s  dissolved in 5 ml of Tris HCI (0 .05  M pH 8.0) buffer and  dialyzed, 
using a 8 0 0 0  MWCO m em brane ( Spectarphor,PA ), against the  sam e  buffer. This 
fraction w a s  found to  retain abou t 8 5 %  of the  original activity p resen t in the  crude 
lysate. This mixture w a s  boiled for 3  m inutes, chilled and centrifuged a t  1 0 ,0 0 0  g 
for 10 m inutes to  rem ove the  coagulated proteins. About 15%  of the  total proteins 
w ere  retained in th e  superna tan t fraction. Activity m easu rem en ts  with resazurin 
indicated th a t  abou t 6 0 %  of the  initial activity w a s  retained in this fraction. This 
am ounted  to  a 4-fold purification. Ammonium sulfate  fractionation w a s  included in 
the  procedure, since a t te m p ts  a t  directly boiling th e  crude lysate yielded a thick gel 
of coagula ted  proteins, making the  separation of the  active fraction difficult. W hen 
th e  hea t- trea ted  fraction w a s  added  to  the  a ssa y  sy s tem  (pre-equilibrated) a t 
tem p era tu res  of 27°(room  tem perature) , 3 2 ° ,  3 7 ° ,4 5 °  and 6 5 ° C  it w a s  found th a t  
the  activity values w ere  the  sam e  up to  4 5 °C. A t 6 5 °C no m easurable activity w a s  
d e tec te d  a fter six hours. Upon returning this tu b e  to  room tem pera tu re  only about 
2 5 %  of the  original activity w a s  s ee n  after eight hours. Short exposures  to  e levated 
tem p e ra tu res  do no t seem  to  a ffec t  the  protein, a s  can  be seen  by th e  e ffec t  of 
boiling the  ex trac t  for a short period. The p resence  of o ther proteins in th e  solution 
m ay  have pro tec ted  th e  doe product. Protracted exposure  ( for six hours ), how ever, 
of dilute protein solutions {100//g/ml of the  a s sa y  mixture ) to  tem p era tu res  of 65  °C 
resulted in th e  loss of 7 5 %  of the  activity. This s tudy  indicates th a t  the  active
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Table 4 .6





















15 1 5 8 5 1 7 .7 8 1 0 0 -
3 0 -7 0 %
a m m .su lf
1 0 1521 2 3 .3 7 8 5 1.31
Heat
t r e a te d
frac tion
8 . 2 4 3 4 7 1 .2 8 6 0 4 .01
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fraction m ay be only "moderately" heat stable.
SDS/PAGE analysis of th e se  fraction (figure 4 .10 ) ,  sh o w s  the  presence of at 
leas t six proteins in the  boiled fraction. A protein band, at about 21 KDa. expected 
from earlier results (Liaw and Srinivasan, 1990a), w as  not seen . This m ay be due to 
various reasons. The authors identified the  21 KDa protein a s  the  putative 
diphenylether cleaving protein based primarily on a Maxicell analysis with clones 
being expressed  in E. coli CSR23. Also seen  in the  sam e autoradioradiogram were 
tw o  other proteins with molecular w eights  of 16 KDa and 17 KDa. The authors 
sugges ted  tha t th e se  could be products formed due to  readthrough from the  plasmid 
promoter. This assum ption  m ay not be accurate . The heat- treated  fraction ( lane d, 
figure 4 .10 )  does  contain a 16 KDa protein, which is also seen  in all of the  active 
fragm ents  ( lanes b & C ). There is also the  possibility th a t  a partial degradation of 
the  21 KDa protein, by the  short exposure to  heat,  results in the  formation of the  1 6  
KDa protein. This s eem s  to  be less likely since the  brief exposure to  high tem perature  
m ay not be long enough to  leave behind only degraded products and none of the  21  
KDa protein.
Figure 4 .1 0
r r% 
0< L
SDS/PAGE of protein fractions.
Lane A: Molecular weight markers.
Lane B: Crude lysate.
Lane C: 30  - 7 0  % ammonium sulfate fraction. 
Lane D: Heat trea ted  fraction.
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4 .3 .3  S u m m ary  of in vitro s tu d ie s  w ith  resazurin
A non-dialyzable, KCN-insensitive fraction  of p ro te ins  obta ined  by h ea t 
t r e a tm e n t  of a  cell free  ex tra c t  from Erwinia sp. Cu 3 6 1 4  is capab le  of reducing 
resazurin . Non doe re la ted  reduction  of resazurin if any , is com ple te ly  inhibited by 
KCN in th e s e  e x tra c ts .  T h ese  resu lts  su g g e s t  th e  u se fu ln ess  of using resazurin a s  a 
s u b s t r a te  to  rapidly m onitor dpe activity. The dpe p roduct a p p e a rs  to  be  "m oderately" 
h e a t  s tab le  but is n o t  capab le  of catalyzing th e  reaction  a t  te m p e ra tu re s  of 65  °C or 
higher. T here  a re  a t  le a s t  six proteins in th is  f rac tion , a s  revealed  by SDS/PAGE, one 
of w h ich  ( a 16  KDa protein ) m ay  be th e  protein no ticed  by o ther re sea rch ers  
working w ith  th is  organism .
4 . 4  In vitro s tu d ie s  using an  arv le ther linkage contain ing m o lecu le .
While th e  tw o  previous sec t io n s  provide a m e an s  of monitoring dpe  activity 
no  d irect ev idence  for any  arylether cleaving activity  h a s  been  provided. This sec tion  
d e sc r ib e s  th e  e f fe c t  of th e  h ea t- tre a ted  fraction on vanillin.
4 .4 .1  S tu d ie s  on b reakdow n  of vanillin bv th e  partially purified frac tion
Vanillin is a m ethoxy  group containing a ldehyde  derived from lignin (figure 
4 .1 1 ) .  Upon incubation, a t  pH 8 .0 ,  of a  0.1 m m olar solution of vanillin for 2 4  hours 
w ith  th e  partially purified fraction and  analyzing th e  resu lts  by TLC (figure 4.1 2), tw o  
p ro d u c ts  of vanillin break  d o w n  w ere  s ee n  (lane 5}. This  reaction  did n o t  occu r  w hen  
resazurin  w a s  a lso  p re sen t  in th e  s y s te m  (lane 3), while resazurin  itself w a s  reduced  
to  th e  pink form (lane 4). T he Rf va lues  ob ta ined  from th e  TLC have  been 
sum m arized  in tab le  4 .7 .  Upon separa tion  and purification using preparative  TLC
Aryl E th e r Link
O H C — CH
3
Figure 4 .11 Chemical s truc ture  of vanillin.
65
Figure 4.1 2 TLC analysis of vanillin breakdow n products.
Lane 1 - resazurin
Lane 2 - resazurin and vanillin
Lane 3 - resazurin, vanillin and h e a t  trea ted  fraction
Lane 4  - resazurin and h ea t  t rea ted  fraction
Lane 5 - vanillin and  bolied fraction
Lane 6  - vanillin
The first three  bands seen  in lane 5, from top, are vanillin, product II 
and product I.
4
Table 4.7 Rf values for TLC shown in figure 4 .12
Substance  migrating. Seen  in lane # R.
Resazurin 
(oxidized form)
1 . 2 0 .1 3
Resazurin 
(reduced form)
3 ,4 0 .0 7
Vanillin 2 ,3 ,5 , 6 0 .4 3
Product I 
(Vanillyl alcohol)




Heat-treated fraction not show n 0 .0 3  * 
&
0 .1 3  *
Rf =  Distance migrated bv substance
Distance migrated by solvent front
( * m easured from another TLC not show n  here.)
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techn iques , and analysis by G as-chrom atography - M ass S pec trom etry  (GCMS), th e se  
tw o  products  w ere  found to  be vanillyl alcohol and triphenyl phosphate  (figures 4 .1 3  
& 4 .1 4 ) .  While vanillyl alcohol still retains the  e ther link, triphenyl phosphate  can  be 
formed only by cleavage of the  m ethoxy group and removal of C 0 2.
Based on th e se  preliminary results, a possible pa th w ay  for the  series  of 
reactions th a t  have to  occur to  genera te  th e se  end products  has  been proposed in 
figure 4 .1 5 .  The first s tep  is the  conversion of vanillin, an aldedyde, in to  vanillyl 
alcohol and vanillic acid. A ldehydes can  undergo a disproportionation reaction under 
alkaline conditions to  form an  acid and an alcohoK W alsh, 1979). The proteins in the  
sy s tem  seem  to  have enhanced  this reaction since the  controls did no t sh o w  any 
such  reaction a t  the  sam e  pH (lanes 2 and 6  in figure 4 .1 2 ) .
The formation of vanillyl alcohol and triphenyl phosphate  indicates th a t  an 
electron transfer  protein m ay be involved in th e  process. W hen presen t, resazurin 
take  aw ay  the  e lectrons preferentially, th u s  not allowing any disproportionation 
reaction and eventual arylether clevage of the  m ethoxy group in vanillin.
L i b r a r y  S e a r c h e d  : C : \D A T A B A S E \W I L E Y .L  
Q u a l i t y  : 9 9
ID : VANILLYL ALCOHOL 2TMS
. b u n d a n c e S c a n  8 9  ( 1 3 . 0 5 1  r a i n ) :  J A C 2 2 6 . D  ( * )
9 0 0 0
8 0 0 0
7 0 0 0
2 0 96 0 0 0
5 0 0 0
4 0 0 0
2 9 8
3 0 0 0 1 7 9
2 6 8
2 00 0 1 4 7 2 8 34 5 2 5 3
1 1 91000 1 9 38 9  1 0 5 1 6 3 2 2 3
!4/Z 4 0 6 0 8 0 1 0 0  1 2 0  1 4 0  1 6 0  1 8 0  2 0 0  2 2 0  2 4 0  2 6 0  2 8 0  3 0 0
S u n d a n c e # 7 2 1 1 8 :  VANILLYL ALCOHOL 2TMS ( * )
9 0 0 0
8 0 0 0
7 0 0 0
2 9 8
2 0 9
6 0 0 0
5 0 0 0
4 0 0 0
2 6 8
3 0 0 0 2 8 31 7 9
2 0 0 0




H f Z  - > 40 6 0  8 0
Figure 4 .1 3  MS of p roduc t I
Panel A - p roduct I iso lated  from th e  reaction mixture. 
Panel B - vanillyl alcohol profile from da ta  base .
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L i b r a r y  S e a r c h e d  : C :\D A T A BA S E\W ILEY .L
Q u a l i t y  i 9 9
ID  : P h o s p h o r i c  a c i d ,  t r i p h e n y l  e s t e r
A b u n d a n c e S c a n  2 9 5  ( 2 0 . 3 9 3  m i n ) : J A C 2 3 3 . D  ( * )
7(7
9 0 0 0
8 0 0 0
7 0 0 0
3 2 6
6 0 0 0
5 0 0 0
4 0 0 0 9 4
1 7 0
3 0 0 0 51 2 1 5
2 0 0 0 3 9 2 3 3
14
1000
1 1 5 2 4 91 8 7 2 8 9  3 0 7
4 0  6 0  8 0  1 0 0  1 2 0  1 4 0  1 6 0  1 8 0  2 0 0  2 2 0  2 4 0  2 6 0  2B0 3 0 0  3 2 0
A b u n d a n c e 1 8 0 3 9 0 :  P h o s p h o r i c  a c i d ,  t r i p h e n y l  e s t e r  ( * )
if*
9 0 0 0
8 0 0 0
7 0 0 0
6 0 0 0
5 0 0 0
0 0 0 5 1
9 4 1 7 03 0 0 0
2 3 3
2 1 5
2 0 0 0
1 4 11 0 0 0
2 4 9
3 0 7
4 0  60  8 0  1 0 0  1 2 0  1 4 0  1 6 0  1 8 0  2 0 0  2 2 0  2 4 0  2 6 0  2 S 0  3 0 0  3 2 0
Figure 4 .1 4  MS of product II
Panel A - product II isolated from reaction mixture.
Panel B - triphenyl phosphate  profile from da ta  base.
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Figure 4 .1 5  Proposed pathw ay ( show n in next page ) for Vanillin breakdown 
by the  heat- treated  protein fraction. T w o molecules of vanillin (1) undergo 
disproportionation to  provide vanillic acid (2) and vanillyl alcohol (product I). Vanillic 
acid undergoes decarboxylation to  form 2-methoxy phenol (3) which upon loss of an 
electron genera tes  a carbonium ion (4). Hydration of this leads to  methanol removal 








4 .4 .2  Sum m ary of in vitro s tud ies  with vanillin.
A heat- treated  fraction contains arylether cleaving activity a s  dem onstra ted  
by an ability to  cleave the  methoxy groups from vanillin. The fraction is able to  
enhance  the  formation of alcohols from aldehydes, and cleave the  m ethoxy group of 
a resulting intermediate {postulated to  be the  corresponding acid). Resazurin, w hen 
also present in a reaction mixture with vanillin, seem s to preferentially obtain 
e lectrons (from the  enzyme) to ge t reduced and vanillin remains unaffected. These 
s tudies  show  th a t  the  m ethoxy cleaving activity and resazurin reducing capability are 
found in the  sam e fraction. This provides further validity for the  use  of resazurin to  
rapidly monitor dpe activity, though the  actual a ssay  has to  be based solely on 
arylether cleaving activity only.
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4 .5  S tu d ies  on  continuous cultivation of Erwinia so. Cu 3 6 1 4
C ontinuous cultivation provides a sensitive  tool to  monitor physiological 
e f fe c ts  on microbial sy s te m s  by various param eters . Copper ions had been  implicated 
a s  one of th e  fac to rs  responsible for th e  enhanced  arylether cleaving ability of Erwinia 
sp. Cu 3 6 1 4  by Liaw (1989). This sec tion  describes  s tu d ie s  a im ed a t  monitoring the  
on th e  g row th  and physiology of Erwinia sp, its dpe activity  along w ith  the  e ffec t  of 
copper levels. Various physiological c o n s ta n ts  evaluated  include maximum specific 
g row th  ra te s ,  doubling tim e, AR for the  b iom ass  a t  e ac h  s te a d y  s ta t e ,  su b s tra te  
consum ption  for m ain tenance  purposes and for grow th . Copper co n cen tra tions  w ere  
varied from 5 - 25  pg I ml of th e  medium to  see  its e ffec t  of the  cells on resazurin 
reduction.
4 .5 .1  D evelopm ent of a medium to  study  th e  e f fe c t  of copper  in a continuous 
cultivation sy s tem
One of th e  im portan t requirem ents  for s tud ies  on con tinuous  culture of cells 
is an optimal m edium with only one limiting nutrient. This limiting nutrient, usually 
th e  carbon  sou rce , controls  th e  ra te  of grow th  a t  various dilution ra te s  w hen  all of 
th e  o ther nu tr ien ts  in th e  medium are p resen t in e x c e s s  (not large enough to  be 
inhibitory a s  well a s  not low enough to  be limiting). Furtherm ore a chemically defined 
medium is essen tia l to  s tudy  the  e ffec t  of copper on th e  sy s te m  s ince  rich media 
containing com plex  organic m olecules capable of chelating tra c e  e lem en ts  c an n o t  be 
used  (Trevors and Cotter, 1990). For the  developm ent of an  optimal m edium, a 
variation of th e  m e th o d s  outlined by Sum m ers  e t  a l .(1979 ), and  Goldberg and Er-el 
(1981) , w a s  used . By th e  modified m ethod , s te a d y  s ta t e  va lues  of nutrients
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{including t ra c e  m etals) w ere  monitored. C oncen tra tions  of any  nutrien t falling below 
1 0 % of the  initial feed  levels w a s  increased  and th e  con tinuous culture experim ent 
w a s  rep ea ted .  This iteration w a s  carried out untill th e  levels of media co m p o n en ts ,  
o ther than  th e  carbon source , w ere  no t limiting and th e  modified co n cen tra tio n s  of 
the  nutrien ts  did no t exhibit any  inhibitory ac tions  on th e  levels of b iom ass. This 
procedure differs from th o se  of S um m ers  e t  al. (1979) and Goldberg and Er-el 
(1981) in th a t  th e  ana lyses  w ere  carried out for tra ce  m eta ls  along with other 
conventional co m p o n en ts  and their levels w ere  also modified ap a r t  from th o se  of 
nitrogen and vitamin sou rces .
Initially th e  medium described by S um m ers  e t  a l.(1979) w a s  used  w ith the  
following modifications; C u S 0 4 level w a s  kept a t  5 //g/ml (1 0 0  folds higher); ethanol 
a t  5 g/l w a s  used  a s  th e  carbon source; 0 .0 5  g/l of y e a s t  ex trac t  w a s  used  to  replace 
th e  vitamin mixture. Continuous cultivation w a s  carried o u t a t  a dilution ra te  of 0 .2  
hrs ■’ { 5 hours res idence  tim e ) and s te a d y  s ta te  va lues of b iom ass, e thanol, total 
nitrogen and p h o sp h a te s  w ere  monitored. Nitrogen and  ph o sp h a te  levels w ere  raised 
till their va lues a t  s te a d y  s ta te  w ere  a t  18%  and 1 2 % respectively , of the  initial 
va lues. Based on th e  resu lts  obtained the  medium w a s  modified to  contain  2 .0  g/l of 
(NH4)2S 0 4, 0 .8  g/l of NaH2P 0 4 and 2 .4  g/l of K2H P 04. The s te a d y  s ta t e  va lues of 
b iom ass, a t  th e s e  feed concen tra tions  of nutrients , w a s  a t  2 .4 6  g/l and e thanol w a s  
a t  0 .1 3 5  g/l. T race  e lem en ts  w ere  also analyzed and th e  concen tra tions  of C a S 0 4 and 
M g S 0 4 required e n h a n c e m e n ts  to  final levels of 156  mg/l (from 75  mg/l) and 25  mg/l 
(from 10 mg/l). MnClz w a s  also raised to  0 .1 2 5  mg/i from 0 .5  mg/l. T hese  
inc rem en ts  did not result in any  increase  in b iom ass levels but th e y  did no t any 
deleterious e ffec t .  Changing F e S 0 4 concen tra tions  to  3 .0  mg/l had a m arked e ffec t
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on the to ta l am ount of biomass, which decreased  by 2 0 % of the  original value. 
Decreasing the  concentrations of F eS 0 4 to  0 .7 5  mg/l { half of the  initial value of 1.5 
m g / l ) did not return the  system  to  the  previously observed biomass levels. Based on 
such iterative studies, the  medium described in table 3.1 (Chapter 3 - Materials and 
Methods) w as  developed.
The medium developed is being described as  an "apparently" optimized 
medium. No medium can  be presumed to be fully optimized until a s teady  sta te  
population can be supported near the  maximal grow th rate of organism over a  large 
dilution range. No such efforts  w ere  m ade since the  medium suited the  main purpose 
of studying the e ffec t of copper on the  system .
4 .5 .2  S tud ies on th e  e ffec t of copper on Erwinia so. Cu 3 6 1 4 :
Continuous cultivation s tudies were carried out with copper sulfate levels 
varying from 5 /yg/ml to  25 //g/ml in the  feed medium. For each of the  five dilution 
rates used ( corresponding to  residence times of 12, 10, 8  , 6  and 4  hours ) the 
param eters  monitored a t  s teady  s ta te  w ere  biomass, substra te  concentration, copper 
sulfate levels and resazurin reducing activities of cells ( AR values for cells). The data 
obtained have been presented  as  Tables 4 .8  (for 5//g/ml), 4 .9  (for 1 0 //g/ml), 4 .1 0  
(for 1 5 //g/ml), 4.11 (for 2 0 /yg/ml) and 4 .1 2  (for 25/yg/ml). The values of biomass 
(g/l), ethanol concentration (g/l) and copper sulfate (mg/l) levels have been plotted as 
a function of dilution ra tes  in figures 4 .1 6 ,  4 .1 7 ,  4 .1 8 ,  4 .1 9  and 4 .2 0  respectively. 
Comparison of the  values obtained for biomass, with each  of the  five different media, 
reveals th a t  the  sy s tem s  have been operated at dilution ra te s  lower than  the  critical 
rates. These  are seen  in figures 4 .1 6  through 4 .2 0 ,  which show  very little trend
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Table 4 .8


















0 .0 8 3 2 .3 4 8 0 .0 6 7 tltd 2 . 8 2 . 6
0 . 1 0 2 .3 9 9 0 .0 8 4 tltd 2 .6 5 2 .6 5
0 .1 2 5 2 .4 4 7 0 .1 0 7 tltd 2.31 2 .3 2
0 .1 6 7 2 .4 8 4 0 .1 4 8 tltd 2 .4 2 .4 5
0 .2 5 2 .4 9 8 0 .2 4 2 tltd 2 . 2 2 . 2
tltd  - too  low to  be determ ined.











Biomass (g/l) Ethanol (g/l)
Figure 4 .16  Steady sta te  values of biomass, ethanol and CuS04 for feed
containing 5 //g/ml of CuS04.
Table 4 .9
Steady s ta te  values obtained for the feed medium containing 10 //g/ml of CuS04
Dilution
Rate











w ith o u t
KCN
w ith  
1mM  KCN
0 .0 8 3 2 .5 8 4 0 .0 6 3 ±  1 2 . 8 2.61
0 . 1 0 2 .6 0 3 0 .0 7 1 3 ±  1 2 .7 2 .7
0 .1 2 5 2 .6 1 8 0 .0 8 9 4  ±  1 3 .2 3 .0
0 .1 6 7 2 .6 2 0 0 .1 3 2  ±  1 3 .6 3 .2
0 .2 5 2 .6 0 6 0 . 2 0 3 ±  1 2 .9 2 .9






0 .083 0.1 0.125
Dulition rate (1/hr)
0.167 0.25
— Biomass (g /l) ~ E t h a n o l  (g /l) — Cu S0 4  (m g/l)
Figure 4 .1 7  S teady s ta te  values of biomass, ethanol and C uS04 for feed
containing 10 //g/ml of C uS04.
Table 4.10


















0 .0 8 3 2 .4 1 6 0 .0 6 3 ±  1 3 .9 3 .7 5
0 . 1 0 2 .4 6 0 .0 7 3 ±  1 3 .7 3 .6
0 .1 2 5 2.5 0 .0 8 9 4  ±  1 3 .7 3 .6
0 .1 6 7 2 .5 3 0 .1 2 6 4  ±  I 3 .9 3 .7
0 .2 5 2 .5 4 0 .2 0 8 4 ±  1 3 .9 3 .9





0 . 0.083 0.1 0.125 0.167 0.25
Dilution rate (1/hr)
Biomass (g/l) —+~ Ethanol (g/l) C uS04 (mg/l)
Figure 4.18 Steady sta te  values of biomass, ethanol and CuS04 for feed
containing 15 /yg/ml of CuS04.
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Table 4.11


















0 .0 8 3 2 .2 2 4 0 .0 6 9 9 ±  1 4 .7 4 .2
0 . 1 0 2 .2 9 0 .0 8 5 6  ±  1 5 .3 5 .3
0 .1 2 5 2 .3 5 7 0 .1 0 9 5 ±  1 5 .4 5 .2
0 .1 6 7 2 .4 1 4 0 .1 5 2 5 ±  1 5 .5 5 .2
0 .2 5 2 .4 4 6 0 .2 5 4  ±  1 5 .5 5.1






0 .083 0.1 0.125
Dilution rate (1/hr)
0.167 0.25
 Biomass (g /l) —1— Ethanol (g /l) — CuS0 4  (mg/l)
Figure 4 .19  Steady sta te  values of biomass, ethanol and CuS04 for feed
containing 20 //g/ml of CuS04.
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Table 4 .1 2
Steady s ta te  values obtained for the  feed medium containing 2 5  //g/ml of C uS04
Dilution
R ate















0 .0 8 3 2 .0 6 0 0 .0 8 5 1 4  ±  1 5 .3 5 .2
0 . 1 0 2 .1 3 9 0 .1 0 5 1 0  ±  1 5 .9 5 .8
0 .1 2 5 2 .2 1 8 0 .1 3 6 9 ±  1 6 . 0 5 .8
0 .1 6 7 2 .2 9 4 0 .1 9 1 1 1  ±  1 5 .5 5 .4
0 .2 5 2 .3 3 8 0 .3 2 4 1 0  ±  1 5 .7 5 .5






0.167 0.250.1250.10 .0830 .
Dilution rate (1/hr)
Biomass (g /l) —1— Ethanol (g /l) - Cu S0 4  (mg/l)
Figure 4 .2 0  Steady s ta te  values of biomass, ethanol and C uS04 for feed
containing 25 //g/ml of CuS04,
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to w ard s  "w ash  out". This m akes the  data  suitable for further analysis since the  errors 
a t  high dilution ra te  could be a major factor in interpretation of kinetic co n s tan ts  ( 
Aiba e t  al., 1977). The levels of copper ions remaining in the  medium is much lower 
than  feed concentrations and is below detection  levels in the  case  w here  the  feed 
contains 5 //g/ml of C u S 0 4. This level of C u S 0 4 is 100 - 1 0 0 0  tim es greater than 
th o se  found in defined media ( Goldberg and Er-el, 1981). These  results  confirm that 
Erwinia sp. is resistant/tolerant to  C u+2 ions, as reported earlier ( Liaw and Srinivasan, 
1989). These  data  have been used to  evaluate various physiological co n s tan ts  and 
param eters  in the  ensuing sections.
4 .5 .3  Calculations of true growth yield and m ain tenance  coefficients for each  
copper sulfate level in feed 
To monitor the  effct of copper sulfate on biomass formation by consumption 
of su b s tra te ,  values of growth yields have to  be analyzed. The overall yield of 
b iom ass produced by consumption of substra te  is defined as
Yx/s =  X / AS 
w here  X is the  biomass formed for AS substra te  uptake.
AS = S0- S
S0 = Substra te  concentration in feed.
S = Substra te  concentration a t  s tead y  s ta te .
This overall yield constan t reflects only the  biom ass formed by the 
consum ption of substra te ,  but not its utilization for other energy consuming 
p ro cesses  like cell m aintenance, osmotic work, turnover of macrom olecules and for
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mobility e tc . .  A t low su b s tra te  co n cen tra tions  and  a t  s ta g e s  of cell cycles  near 
c es sa t io n  of grow th , the  consum ption  of an  energy  producing m olecules  is mainly for 
m a in ten an ce  purposes. The grow th  yields obtained under th e se  conditions is, hence , 
low er th an  under th o se  s itua tions  w here  th e  "s tress"  on th e  sy s te m  is minimal 
(Sinclair and  Kristiansen, 198 7 ).  For th e  sy s tem  a t  a s te a d y  s ta t e ,  th e  following 
equation  can  be u sed  to  calcula te  both th e  true  g row th  yield (a theore tical maximum) 
and th e  coeffic ien t of m ain tenance .
1/Yx/s =  m//y +  1/Y 'X,S 
w here  Y 'x/S = True grow th  yield c o n s ta n t
m =  Specific consum ption  ra te  of carbon  sou rce  for cellular
m ain tenance  (hr'1) (or m a in tenance  coefficient).
/ /  = Specific g row th  rate.
= D (dilution ra te  - a t  s te a d y  s ta te ) .
Thus a plot of 1/Yx/g vs. 1/D should yield a s tra ight line, w ith  the  reciprocal 
of in te rcep t on th e  Y axis being the  true  g row th  yield c o n s ta n t  w ith a slope equal to  
th e  m a in tenance  coefficient. T hese  calculations, for e ach  level of copper in feed, 
w ere  perform ed and have been  tabu la ted  in tab le s  4 .1 3  th rough  4 .1 7 .  A com bined 
plot of 1/YX/S vs. M fj is dep icted  in figure 4 .2 1 .  The line plotted for 10  /jq /m I of 
copper su lfa te  s h o w s  th a t  sm alles t slope and is a lm ost parallel to  th e  X-axis. This 
ind ica tes  th a t  copper requirem ent for the  sy s te m  is c lose  to  th e  optimal level, s ince  
a  "fully optimized m edium " would have yield values equal to  the  true  g row th  yield a t 
all dilution ra te s  and th e  plot would be parallel to  th e  X-axis. The plot a lso  s h o w s  th a t
Table 4 .1 3
Growth Yield calculations for feed medium with 5 //g/ml of CuS04
Dilution
rate




















0.083 12 2.304 0.067 4.933 0.476 2.10
0.1 10 2.399 0.084 4.916 0.488 2.051
0.125 8 2.447 0.107 4.893 0.500 2.002
0.167 6 2.484 0.148 4.852 0.512 1.954
0.25 4 2.498 0.242 4.758 0.525 1.905
(S0 =  S u b s tra te  con cen tra tio n  in th e  feed  =  5 g/l of Ethanol).
By linear reg ress ion  analysis  for 1 /Y^, v s  1 ///
(coefficient of regress ion  =  0 .9 8 7 0 }
Y 'x/t =  True g ro w th  yield coeffic ien t =  0 .5 5 3 2  =  1/y in te rcep t
m5 = m aintenance coefficient = 0 .0 2 4 (h r’) = slope
Table 4 .1 4
Growth Yield calculations for feed medium with 10 /yg/ml of CuS04
Dilution
rate


















0.083 12 2.584 0.060 4.940 0.523 1.91
0.1 10 2.603 0.071 4.929 0.528 1.893
0.125 8 2.618 0.089 4.911 0.533 1.876
0.167 6 2.620 0.130 4.870 0.538 1.859
0.25 4 2.606 0.200 4.800 0.543 1.842
(S0 = Substra te  concentra tion  in the  feed =  5 g/l of Ethanol).
By linear regression analysis for vs  MfJ 
(coefficient of regression =  0 .9 8 5 )
Y'*, =  True grow th  yield coefficient =  0 .5 5 3  =  1/y in tercept
m10 = maintenance coefficient = 0.0085(11^) = slope
Table 4 .15
Growth Yield calculations for feed medium with 15 //g/ml of C uS04
Dilution
rate


















0.083 12 2.416 0.060 4.940 0.489 2.045
0.1 10 2.460 0.070 4.930 0.499 2.005
0.125 8 2.500 0.089 4.911 0.509 1.966
0.167 6 2.530 0.126 4.874 0.519 1.927
0.25 4 2.540 0.208 4.792 0.530 1.887
(S0 =  S u b s tra te  concen tra tion  in th e  feed  =  5 g/l of Ethanol).
By linear regression  analysis  for 1/Yx/t vs  1///
(coeffic ien t of regression  = 0 .9 9 8 )
Y 'x/, =  True g row th  yield coeffic ien t =  0 .5 5 0  =  1/y in te rcep t
m 15 = maintenance coefficient = 0.0197(11^) = slope
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Table 4 .16
Growth Yield calculations for feed medium with 20 //g/ml of CuS04
Dilution
rate


















0.083 12 2.224 0.069 4.931 0.452 2.210
0.1 10 2.290 0.085 4.915 0.466 2.143
0.125 8 2.357 0.109 4.891 0.482 2.076
0.167 6 2.414 0.152 4.848 0.498 2.009
0.25 4 2.446 0.2446 4.750 0.515 1.942
(S0 =  S u b s tra te  concentration  in the  feed =  5 g/l of Ethanol).
By linear regression analysis for 1 /Yx/1 vs 1 ///
(coefficient of regression =  0 .9 8 8 )
Y'x/, =  True grow th  yield coefficient =  0 .5 5 3  =  1/y in tercept
m20 = maintenance coefficient = 0.0335{hr’) = slope
Table 4 .1 7
Growth Yield calculations for feed medium with 25  //g/ml of CuS04
Dilution
rate


















0.083 12 2.060 0.085 4.915 0.419 2.384
0.1 10 2.139 0.105 4.895 0.437 2.288
0.125 8 2.218 0.136 4.864 0.456 2.192
0.167 6 2.294 0.191 4.809 0.477 2.096
0.25 4 2.338 0.324 4.676 0.500 2.000
(S0 =  S u b s tra te  concen tra tion  in th e  feed =  5 g/l of Ethanol).
By linear regression  analysis  for 1/YX/, vs  1///
(coefficient of regression =  0 .9 9 8 7 )
Y'w. = True g row th  yield coeffic ient =  0 .5 5 3  = 1 /y  in tercept
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Figure 4.21 A plot of 1/ Growth yield (observed) vs. residence time for each  
of the  five copper concentration used in the feed.
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with increasing level of copper sulfate in the  feed s lopes of the  lines increases, 
indicating th a t  a greater portion of the  nutrients are being used  for "m aintenance" 
purposes by the  cells. The plot for 5 //g/ml is be tw een  those  for 15 - 2 0  //g/ml. This 
implies th a t  the  "suboptimal" levels of C u S 0 4 in the  feed also a ffec ts  the  overall 
grow th.
The values obtained for m and Y ' ^  have been summarized in table 4 .5 .1 1 .  
A plot of copper concentration vs. m (figure 4 .5 .7 ) ,  sh o w s  a lowering of m a t  a feed 
copper concentration of 10 //g/ml. This indicates th a t  the  medium used  is closer to  
th e  optimal needs  of the  cellular system  a t  this value of copper. A noticeable 
"stimulation" in th e  am ount of b iom ass formed w a s  seen  w hen  th e  level of copper 
in the  medium is raised from 5 //g/ml to  10 //g/ml. An increasing m aintenance  
coefficient beyond this value indicates th a t  the  levels of copper ions could be 
inhibiting grow th  and moving the  system  aw ay  from attaining the  maximum possible 
values of biomass levels. While this section exam ines only the  e ffec t on the  total 
am oun t of biom ass formed, it does  not consider the  e ffec ts  on the  kinetics of 
grow th . Using existing m athem atical models, the  "inhibitory" e ffec t  of copper ions 
on the  rate  of grow th have been analyzed in section 4 .5 .4 .
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Table  4 .1 8  S um m ary  of m a in ten an ce  coeffic ien t an d  true  g ro w th  yield calcu la tions
C opper su lfa te  
co n cen tra tio n  in feed
(*/g/ml)
True g row th  yield 
Y'T XIS
M ain tenance  coeffic ien t 
(hr*1)
5 0 .5 5 3 2 0 .0 2 4
1 0 0 .5 5 3 0 .0 0 8 5
15 0 .5 5 0 0 .0 1 9 7
2 0 0 .5 5 3 0 .0 3 3 5
25 0 .5 5 3 0 .0 4 1







0 5 10 15 20 25 30
Concentration of CuSO. in feed.(ug/ml)
A
Figure 4 .2 2  Plot of m aintenance coefficient vs copper sulfate concentration in
medium.
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4 .5 .4  Analysis of da ta  to  study  the  inhibitory e ffec t of copper on grow th rate
of th e  system :
The m ost com m on theoretical expression for exponential grow th, the  equation 
1/X * (dX/dt) =  ( d(ln X ) /d t ) = f/ =  (In  2)/td
w here X is the  concentration of organism a t  time t  
// is the  specific growth rate 
td is the  doubling time.
The value of y  and t j  will be constan t,  only if all the  com ponents  required for growth 
are present in ex cess  (Hebert e t  al., 1956). If the  concentration of one nutrient is 
decreased  to  a low level, the  specific grow th rate is lowered correspondingly. The 
dependence  of // upon the substra te  concentration (S) w a s  show n by Monod (1949) 
to  be a form, represented by a  Michaelis-Menten like function
A = JiW -SL_
(Ks +  S)
w here //mux's  the  maximum value of //
Kt is the  substra te  saturation constan t
This nonlinear relationship can be transformed to  a Lineweaver-Burke like plot 
to  obtain a linear relationship of the  form
MU =  (Kt///m„) * (1 /S ) +  1 /jcw
Any change induced by chemical/environmental factors  on the  overall behavior of the 
system  is reflected by a change in either K, or values.
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To s tudy  the  e ffec t  of copper on the  grow th  ra te , Mfj vs. 1/S values w ere  
calculated  (table 4 .1 9  through 4 .23 )  and plotted (Figure 4 .2 3  through 4 .2 7 ) .  The 
values obtained for K„ a t  s tead y  s ta te s  w ith feed copper concen tra tion  of 10 //g /m l 
or g rea ter ,  is co n s ta n t  and converge on the  X axis a t  a value =  -1/K,. The 
decreasing values of th e  Y -intercept, with increase  in copper concen tra tion  in the 
feed, is indicative of an  decreasing overall or an increasing doubling time. This 
scenario  can  be explained by analyzing the  da ta  w ith a model for "non competitive" 
inhibition of g row th  by copper. That the  inhibition is non com petitive is indicated by 
small ch an g e s  in K, with re sp ec t  t o / / msx (Aiba et. al., 1 9 7 3 , Bailey and Ollis, 1986). 
The Monod grow th  equation can  be rewritten with fac to rs  for inhibition a s  (Sinclair 
and Kristiansen, 1987)
V =   §___K,___
(K, +  S) (K* +  I)
w here  I is the  concen tra tion  of inhibitor
Kj is an inhibition cons tan t
Linear transform ation of this yields the  following equation
11n = (1+l/K,) * K .//W  +  (1+l/K,) * 1 / j w
With the  assum ption  th a t  inhibition begins a t  a  concentration  of copper sulfate 
g rea te r  than  1 0  //g/ml, th e  value of obtained for this c a se  can  considered to  be 
the  m axim um  and con stan t .  The Y-intercept for the  double reciprocal plots, show n 
in figures 4 .8  through 4 .1 2 ,  will increase  by a factor I 1 +  l/K, ] w hen  com pared  to  
th e  Y-intercept obtained for th e  case  with no inhibition (10 //g/ml). This approach 








Figure 4 .2 3  Double reciprocal plot of 1/S ag a in s t  M p  for d a ta  ob ta ined  w ith  feed  
m edium  contain ing  5 pg/tr\\ of C u S 0 4. D ata and  calcu la tions  for th e  plot a re  s h o w n  
below  in tab le  4 .1 9
T able  4 .1 9  D a ta  for double  reciprocal plot 
fo r  m edia  contain ing  5  pg/m \ of C u S 0 4
1/S (l/g) 1 1p (hrs)
4 .1 3 4
6 .7 5 6
9 .3 5 8
1 1 .9 6 1 0
1 4 .5 6 1 2
1/y intercept =  p ^ '  = 1 .205 h rs '1. ( -  x intercept )'’ = K, = 0 .9 2 4  g/l











0 5 7.69 14.0211.02 17.02
1 /S  (l /g)
Figure 4 .2 4  Double reciprocal plot of 1/S aga ins t  1/// for d a ta  obtained w ith feed 
m edium  containing 10//g /m l of C u S 0 4. Data and calculations sh o w n  below in table 
4 .2 0
Table 4 .2 0  Data for double reciprocal plot 
for media containing 10  //g/ml of C u S 0 4
1/S (l/g) 1 Ip  (hrs)
5 .0 0 4
7 .6 9 6
1 1 . 0 2 8
1 4 .0 2 1 0
1 7 .0 2 1 2
1/y intercept = p ^  =  1.258 hrs'1. (- x intercept )'1 = K, = 0 .829 g/l






0 4.8 7.9 11.23 14.0 17.03
1/S (l/g)
Figure 4 .2 5 .  Double reciprocal plot of 1/S ag a in s t  1/// for d a ta  obtained w ith  feed  
m edium  containing 15 //g/ml of C u S 0 4. D ata  and calcu lations sh o w n  below  in tab le
4 .2 1 .
Table 4.21 Data for double reciprocal plot 
for media containing 15 //g/ml of CuS04
1/S  (t/g) 1 /// (hrs)
4 .8 0 4
7 .9 0 6
1 1 .2 3 8
1 4 .0 0 1 0
1 7 .0 3 1 2
1/y intercept = M fJ m J  = 1 .214 hrs'1. (- x intercept)*1 = K, = 0 .828  g/l






11.884.0 6.6 9.17 14.40
1/S (l/g)
Figure 4 .2 6 .  Double reciprocal plot of 1/S against M /j  for da ta  obtained with feed 
medium containing 2 0 //g/ml of C uS04. Data and calculations show n below in table
4 .2 2 .
Table 4 .2 2  Data for double reciprocal plot 
for m edia containing 20  //g/ml of C uS 04
1/S (l/g) M fi (hrs)
4 .0 0 4
6 .6 0 6
9 .1 7 8
1 1 . 8 8 1 0
14 .40 1 2
1/y intercept =  = 1 .075 hrs '1. (- x in tercept)'1 =  K. =  0 .8 2 6  g/l








Figure 4 .2 7 .  Double reciprocal plot of 1/S against M /j  for da ta  obtained with feed 
m edium  containing 25  //g/ml of C u S 0 4. Data and calculations sh o w n  below  in table
4 .2 3 .
Table 4 .2 3  Data for double reciprocal plot 
for m edia containing 2 0  //g/ml of C u S 0 4
1/S (l/g) 1 /// (hrs)
3 .0 9 4
5 .2 3 6
7 .3 7 8
9 .5 2 1 0
1 1 . 6 6 1 2
1/y intercept = / / ^  = 0 .8 3 5 h rs '\  (- x intercept)'1 = Kt = 0 .826  g/l
(coefficient for linear regression = 0.9721).
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The values obtained by the  analysis  of g row th  ra te s  and  th e  kinetic c o n s ta n ts  
have  been  sum m arized  in tab le  4 .2 4 .  With th e  a ssum ption  th a t  inhibition occurs  
w h en  feed  concen tra tion  of copper su lfa te  is g rea ter  th a n  1 0  //g /ml, Kj values have  
been  calcu la ted  for 15 - 25  //g / ml levels. A sharp  reduction in Kj value from 0 .4 1 7  
g/l for 15 //g/ml to  0 .0 6  g/l for 25  //g/ml is indicative of a bimodat interaction 
b e tw ee n  th e  inhibitor and th e  cells (Bailey and Ollis, 198 6 ).  A nearly c o n s ta n t  value 
for K„ ( for feed I s  10 //g/ml ), ind ica tes  th a t  the  ce ll 's  affinity for e thanol is no t 
a f fec ted  by C u +2 levels. Only w h en  th e  level of C u S 0 4 is a t  5//g/ml K, value is 
marginally higher. This could indicate t h a t  a t  low er levels of copper up take  of ethanol 
is a lso  a ffec ted . A com bined  plot of 1 /// or (1 /D) vs. 1 /S (figure 4 .2 8 )  s h o w s  th a t  the  
lines converge  on th e  X axis a t  a point w hich h a s  a value equal to  -1 /K,. The line for 
5 //g/ml is c lose  to  th a t  of 2 0  //g/ml. The lines for 10 //g/ml and 15 //g/ml have a 
considerable  overlap. But an increase  in concen tra tion  of th e  inhibitor by 5 //g/ml 
( a shift from 15 to  20) s h o w s  a g rea te r  e ffec t  and th is  is further amplified a t  25  
//g/ml. This is s e e n  typically w h en  th e  inhibitor h a s  m ore than  one m ode  of interaction 
w ith cells.
W ith th e  know ledge th a t  levels of copper ions in th e  medium is lower than  
th a t  of the  feed  and th a t  th e  ions in te rac t  w ith cells, correlation of th e  copper ion 's  
e f fe c t  on doe activity w a s  a t te m p te d ,  a s  outlined in sec tion  4 .5 .5 .
Table 4.24
Sum m ary of th e  results obtained from analysis of the  inhibitory e ffec t of C uS 04.











5 (n.d) 0 .9 2 4 1 .205 3 4 .8
1 0 0 . 0 0 .8 2 9 1 .258 3 3 .0
15 0 .4 1 7 0 .8 2 8 1 .214 3 4 .2
2 0 0 .1 1 7 0 .8 2 6 1 .075 3 8 .7
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Figure 4 .2 8  Double reciprocal plot ( 1/p v s  1/S ) for all five c a se s .
-X in tercept =  -1/K,
Y in te rcep t = MfJmux 
N um bers 5 - 2 5  nex t to  th e  lines indicate the  levels of C u S 0 4 ( pg/ml) in the  feed.
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4 .5 .5 .  A nalysis o f dpe  activ ity  of cells
S ince th e  concen tra tion  of copper  ions in th e  m edium  d e c re a se d  w ith  re sp ec t  
to  th e  a m o u n t  p re sen t  in th e  feed ( for e a c h  of th e  five s tar t ing  v a lues  of C u S 0 4 
c o n ce n tra t io n s  ), an  a ssum ption  c a n  be m ad e  th a t  th is  c h an g e  is due  to  so m e  
in teraction  b e tw e e n  cells and  C u +2 ions. This is fu r ther validated by th e  Kj values , 
w h ich  indicate  a bimodal in teraction. W ith th is  a ssu m p tio n ,  th e  va lues  for ACu/X 
have  b een  ca lcu la ted  (table 4 .2 5 ) .  This could re p re sen t  th e  a m o u n t  of c o p p er  " taken  
up" by th e  cells. The va lues  for AR /  X /  min v s . ACu/X ( figure 4 .2 9  ) s h o w  a linear 
correlation. It is a lso  in teresting to  n o te  th a t  th e re  is very  little e f fe c t  of KCN on the  
a s s a y s .  T here  is a distinct increase  in dpe  activity  a t  high va lues  of ACu/X. This 
co rre sp o n d s  well w ith  th e  resu lts  ob ta ined  by Liaw and  Srinivasan (1 9 9 0 ) .  In both 
in s ta n ce s  a d irect correlation b e tw e e n  doe  activity  and  p re sen ce  of co p p er  in the  
sy s te m  h a s  been  es tab lished . The num erical value of th e  in te rcep t of th e  tw o  lines 
on V axis could be in terpreted a s  th e  "background"  level of "non d p e " related 
resazurin  reduction . This , how ever , s e e m s  to  be low in com parison  w ith  dpe  activity  
of th e  cells and  also  independen t of cop p er  levels. Extension of th e s e  re la tions to  
lignin degrada tion  h a s  been  outlined in sec tion  4 .5 .6 .
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Table 4 .25  Calculations for Cu uptake and resazurin reduction by cells.















Im M  KCN)
(//g/mg/ml)
0 .0 8 3 2 .1 2 9 2 .8 0 2 .6 0
0 . 1 0 0 2 .0 8 4 2 .65 2 .65
5 0 .1 2 5 2 .0 4 3 2.31 2 .3 2
0 .1 6 7 2 .0 1 3 2 .4 0 2 .45
0 .2 5 0 2 . 0 0 2 2 . 2 0 2 . 2 0
0 .0 8 3 2 .7 0 9 2 .8 0 2.61
0 . 1 0 0 2 .6 8 9 2 .70 2 .7 0
1 0 0 .1 2 5 2 .2 9 2 3 .2 0 3 .0 0
0 .1 6 7 3 .0 5 3 3 .6 0 3 .2 0
0 .2 5 0 2 . 6 8 6 2 .90 2 .9 0
0 .0 8 3 4 .9 6 7 3 .90 3 .7 5
0 . 1 0 0 4 .9 7 8 3 .70 3 .6 0
15 0 .1 2 5 4 .4 0 0 3 .70 3 .6 0
0 .1 6 7 4 .3 4 8 3 .9 0 3 .7 0
0 .2 5 0 4.331 3 .9 0 3 .9 0
0 .0 8 3 4 .9 3 5 4 .7 0 4 .2 0
0 . 1 0 0 6 .1 1 4 5 .30 5 .3 0
2 0 0 .1 2 5 6 .3 6 4 5 .40 5 .2 0
0 .1 6 7 6 .2 1 4 5 .4 0 5 .2 0
0 .2 5 0 6.541 5 .5 0 5 .1 0
0 .0 8 3 5 .3 4 0 5 .3 0 5 .2 0
0 . 1 0 0 7 .0 1 0 5 .9 0 5 .8 0
25 0 .1 2 5 7 .2 1 4 6 . 0 0 5 .8 0
0 .1 6 7 6 .1 0 3 5 .5 0 5 .4 0

























0 1  2 3 4 5 6 7 8
C u U p t a k e ( / £ g )  / B i o m a s s  ( m g )
Figure 4 .2 9  Plot show ing  th e  relationship b e tw e e n  th e  am o u n t of resazurin  
con v er ted /m in u te  and  copper ta k e n  up by cells.
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4 .5 .6  Degradation of lignin in a continuous culture
The effect of copper on the ligninolytic activity w as  studied a t tw o  dilution 
ra tes  and with tw o  copper concentrations. Residual lignin w as  assayed using the 
diazotization assay , as described earlier in chapter 3, and the  results obtained have 
been outlined in Table 4 .5 .1 9 .  W hether there is a significant increase in lignin 
degradation with an increase in copper concentration is not clear. However a t high 
residence tim es greater am ounts  of lignin w as  degraded. Extensive investigation of 
this phenomenon, with more experiments, over a wider range of dilution ra tes  and 
copper concentrations should yield a better understanding of biodegradation of lignin.
Table 4 .2 6  
Degradation of lionin in Continuous Culture
Degradation of lignin in %
Dilution rate (hrs'1)
0 .0 8 3 0 .1 3 3
CuSO* in feed (//g/ml)
1 0 36 ±  2 28 ±  2
25 4 2  ±  2 33 ±  3
±  values indicate margin of error.
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4 .5 .7  Sum m ary  of continuous culture s tudies
Erwinia sp Cu 3 6 1 4 ,  exhibits a grow th  stimulation w h en  copper sulfate 
concentra tion  in th e  medium is changed from 5 mg/l to  10 mg/l. At levels g reater 
than  1 0  mg/l, grow th is inhibited with a consequen t increase  in its m ain tenance  
energy requirement. The nature  of inhibition of grow th  by copper ions s e e m s  to  be 
of a "non com petitive" type with a sharp d ecrease  in th e  inhibition co n s ta n t  Kj with 
increasing copper concentration. Various m echan ism s for copper up take  have been  
sugges ted  by Trevors and Cotter (1990), eg. active and passive transport,  chelation 
and occlusion of copper ions by complexing ag en ts  like polysaccharides. There is no 
conclusive evidence for any single mechanism  from the  da ta  collected for Erwinia, but 
the  values for K; su g g es t  the  possibility th a t  more than  one m echanism  could be 
operating, if any actual uptake does  occur a t  all. The da ta  collected in the  
experim ents  for "copper uptake" are indirect, measuring only th e  d ecrea se  of copper 
in cell free broth, rather than  in cell a ssoc ia ted  s y s te m s  like cell walls, 
polysaccharides, e tc . .
The d isappearance  of copper from the  feed s ee m s  to  have a direct e f fec t  on 
on resazurin reduction. The insensitivity to  KCN su g g es ts  a possible role for a copper 
a ssoc ia ted  protein (Solomonson, 1981). The e ffec t  of copper on lignin degradation 
w a s  not a s  apparen t w hen  lignin w as  also incorporated in th e  feed  medium. 
However, th is  is th e  first dem onstration  of lignin degradation by a bacterium in a 
continuous culture, a s  m ade apparen t from a literature survey.
An exam ination  of th e  resu lts  ob ta ined , s e e m  to  provide s o m e  ev idence  
to w a rd s  supporting  th e  " tw o  cell population" h ypo thes is  p o s tu la ted  by several 
invest iga to rs  of fe rm en ta tion  s y s te m s  (Sinclair and  Topiwalla , 1 9 7 0 ,  W ang et. a/., 
1 9 7 9 ) .  M athem atica l modelling te ch n iq u es  to  m e asu re  th e  c o n ce n tra t io n  (or ratio) 
of ac tua lly  e ffec t ive  cells  (or dividing cells) in a fe rm en ta t io n  s y s te m  have  been  
developed  and  could be applied to  further validate th e s e  o b se rv a tio n s  (Sinclair and  
K ristiansen, 1 9 8 7 ) .  T he  p re sen ce  of high a m o u n ts  of co p p er  inhibits g ro w th  ra te s  in 
Erwinia. W ith th e  a ssu m p tio n  th a t  so m e  fraction  of cells  s to p  dividing and  eventually  
" w a s h  ou t"  of th e  v esse l ,  a calculation  of ratios of th e  nondividing cells  to  the  
dividing cells  h a s  b een  included in th e  appendix . This preliminary analysis , h ow ever , 
will have  to  be  fu r ther validated by m e a su re m e n ts  for viable, viable but no t dividing, 
and  non  dividing cells in th e  population.
Chapter 5
General conclusions and summary
Erwinia sp. Cu 3 6 1 4  is an arylether cleaving organism isolated from sew age  
in an enrichment medium containing lignin. Previous workers (Chon, 1984; Narva, 
1985 ; Carey, 1986; and Liaw, 1989) have studied various a sp e c ts  of its 
microbiology, molecular biology and biochemistry. While much information on its 
arylether cleaving ability has been gathered, no direct efforts to s tudy lignin 
degradation had been a ttem pted . This w as  mainly due to  a  lack of an efficient and 
accu ra te  assay  procedure. To address  this issue an a ssay  technique based on the  
reaction of diazotized sulfanilic acid with an alkaline solution of lignin w a s  developed. 
This methodology proved to  be sensitive, reproducible and unaffected by the 
p resence  of biomass and proteins. The use of this technique show ed th a t  Erwinia sp. 
Cu 3 6 1 4  is a ligninolytic organism and could degrade up to  80%  of lignin from a 
200//g/ml solution, in 7 2  hours. The organism also seem ed  to  a t tack  native lignin as 
found in lignocellulosics. This is seen  in electron micrographs of biologically trea ted  
pieces of sugarcane rind which show ed pitting in the  lignin rich interlamellar areas. 
The cellulose fibers from th ese  trea ted  pieces could be teased  apart, thus  providing 
a possible route of "mild" biological delignification for the  production of cellulose 
fibers from new resources.
To a s s e s s  the  diphenylether cleaving ability (doe) of this organism, a rapid 
a ssa y  based on its e ffect on a redox dye resazurin w a s  a sse ssed .  This w as  carried 
out using tw o  E.coti s trains differing only in the  presence of a 2.1 Kb fragm ent of
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Erwinia DNA containing th e  dpe gene. The organism w ith  th e  dpe  gene  show ed  
g rea te r  ra te s  of reduction of resazurin and a lso  som e seco n d ary  reactions . T he ra tes  
for conversion  of resazurin w ere  no t a ffec ted  by th e  p resen ce  of KCN, indicating th a t  
th e  fac to r  responsible is no t a  hem e - porphyrin type  of enzym e, in vitro s tu d ie s  on 
resazurin conversion carried out w ith  cell free e x tra c ts  of Erwinia sp. Cu 3 6 1 4  
provided further ev idence  th a t  th is  reaction  could be used  a s  an  a s s a y  for doe 
product(s). The background reactions  (non doe  ) w ere  com pletely  sh u t  off by KCN 
while th e  doe containing s y s te m s  w ere  u naffec ted . Using th is  a s  an  a s sa y ,  the  doe 
activity w a s  found to  be unaffec ted  by a  brief h e a t  t re a tm e n t ,  while a large 
pe rcen tag e  ( ab o u t 8 5 %  ) of o ther proteins from a cell free ex tra c t  w e re  precipitated. 
This h ea t  t re a tm e n t  techn ique  w a s  used  to  genera te  a fraction w hich w a s  richer in 
doe specific  activity, by ab o u t four fold, w ith re sp ec t  to  th e  crude  lysate. This 
fraction could also c leave th e  m ethoxy  group from vanillin, providing ev idence th a t  
th e  arylether cleaving activity  w a s  a lso  p resen t.  This fraction con tained  six major 
proteins, a s  analyzed by SDS/PAGE , including a 16KDa protein w hich  could be th e  
sam e  protein observed  by other resea rchers .  The reaction ra te s  for conversion of 
resazurin w a s  unaffec ted  over a range of te m p e ra tu res ,  from 2 7 °  to  4 5 °C, while a t  
6 5 °C  th e  reaction did not occur. The a s s a y  sy s te m  retained only ab o u t 2 0 %  of th e  
initial activity a fte r  being cooled to  room tem pera tu re . This s e e m s  to  indicate th a t  the  
doe  product m ay  be "m oderately" h ea t  s tab le .
R ates  of resazurin conversion w ere  higher in vivo, by ab o u t 2 0  - 4 0  fold, than  
in vitro. Also, Erwinia sp. Cu 3 6 1 4  cata lyzed  th e  conversion of resazurin a t  leas t 
tw ice  a s  fa s t  a s  E. co/i JM 1 0 7  pDPE 21 . Both of th e se  fa c ts  indicate th a t  Erwinia 
con ta in s  so m e  o ther additional factor, apart  from the  doe  product th a t  is involved in
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ary le ther cleaving activity . This fa c to r  could be a  small m olecule  th a t  is los t during 
th e  dialysis s te p  in th e  p rocedure  for preparation  of cell free e x t ra c ts  for in vivo 
s tud ie s .
Use of con tinuous  cultivation s tu d ie s  provided a sens itive  m e a n s  to  s tu d y  the  
behavior of th e  organism  under various physiological conditions. T he  levels of copper 
ions in th e  s y s te m ,  w hich  w a s  ab o u t 1 0 0  - 1 0 0 0  folds higher th a n  in "optimized" 
m ed ia , had  a  m arked  e f fe c t  on bo th  g ro w th  yields and  g ro w th  ra te s .  Upon increasing 
C u S 0 4 levels from 5 //g/ml to  10  //g/ml an  increase  in bo th  g row th  ra te s  and  grow th  
yields, along w ith  c o n co m itan t  d e c r e a s e s  in th e  m a in ten an ce  coeffic ien t and  specific 
g ro w th  ra te s ,  w e re  s e e n .  A t higher co n cen tra t io n s  of copper  th e  s y s te m  could be 
desc ribed  well by a  model for "non com petitive"  inhibition. Liaw (1 989) had 
m easu red  th e  minimum inhibitory concen tra tion  (MIC) for C u S 0 4, using a p la te  a ssay . 
T he levels of MIC w e re  found, by th is  m e th o d , to  be ab o u t  2 - 3  mg/ml. The 
tech n iq u e  u sed  involves a com plex  solid m edium ( LB ag ar  w ith  C u S 0 4), and visually 
a ss e ss in g  for g row th . The u se  of a  solid com plex  m edium  and  a qualitative 
a s s e s s m e n t  could be th e  reaso n  for su ch  high MIC va lues  obta ined . T h e  m edium  used  
in th e  con tinuous  cultivation tech n iq u e  con ta ined  a minimal a m o u n t  of com plex  
organic m olecu les
( 0 .0 5 %  y e a s t  e x t r a c t ) and  had built in m easu re s  to  avoid precipitation. T he  g row th  
ra te s  and  yields w e re  very su scep tib le  to  small c h a n g e s  in C u S 0 4 co n cen tra t io n s  
( s te p  w ise  inc rease  of 5 //g/ml ). T hus th e  use  of con tinuous  cultivation techn ique  
provided th e  tool required to  monitor sub tle  c h a n g e s  in th e  behavior of th e  organism  
under th e  influence of small varia tions of C u S 0 4 co n cen tra t io n s .  W ith an  assum ption  
th a t  th e  C u S 0 4 d isappearing from th e  m edium  is " taken  up" by th e  cells, va lues  for
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copper uptake  by b iom ass (ACu/X) w ere  calculated. This show ed  a linear correlation 
w ith dpe activity, as  m easured  by the  reaction of the  cells w ith resazurin in the  
p resence  of KCN.
A ttem p ts  a t  extending this result, of high dpe activity a t  high copper uptake, 
to  lignin degradation w ere  only partially successfu l. In a continuous cultivation 
sys tem  the  degradation of lignin a t  high copper concen tra tions  w a s  only marginally 
higher. However, th is  s tudy  is unique in being able to  show  degradation of lignin in 
a continuous sy stem . Also the  overall rate for degradation appea rs  to  be higher than  
the  values reported  for Phaenorachaete chrysosporium (Kirk and Farell, 1987). Only 
abou t 14%  of the  radiolabeled lignin w a s  reported to  have been found a s  UC 0 2 by 
P. chrysosporium  in seven  days.
Lignin rep resen ts  a greatly under utilized resource, w hich could conceivably 
be p rocessed  to  yield valuable chemicals. On the  other hand, it also p o ses  a disposal 
problem for paper and pulping industries. Use of lignocellulosics for m any industrial 
purposes, a s  for example production of glucose and ferm entable sugars  by hydrolysis 
of cellulose or the  developm ent of alternate  fiber so u rces ,  are  ham pered  by the 
p resence  of lignin. Extension of the  s tudies  initiated in this  d issertation m ay offer 
som e a n sw e rs  to  th e se  issues.
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Appendix A List of notations. 
Dilution ra te  
Inhibition co n s tan t  
S ubstra te  saturation co n stan t  
Coefficient for m ain tenance  
energy for b iom ass 
Specific grow th  rate  for biom ass 
Maximum specific g row th  rate 
Change (decrease) in concentra tion  
of oxidized resazurin (monitored 
a t  600nm )
S ubstra te  concentration  
Doubling time for cells 
Biomass concentration  (dry weight) 
Yield of biom ass per unit w eight of 
su b s tra te  consum ed 
Maximum possible (theoretical) 













Appendix B Calculations fer a hypothesis
By definition / /  =  { MX)  (dX/dt)
j j X =  (dX/dt)
H ypo thesis
At an y  given s te a d y  s ta t e  tw o  populations of cells exist,
Xd - cells th a t  undergo  division a t  normal rate .
Xn - cells th a t  divide slowly or a re  non dividing.
Let Xt =  Xd +  Xn 
For overall ra te  of cell g ro w th , //, Xt =  //d Xd +  //„ X„ w here
The maximal value //, X, can  reach  for Erwinia is a function of co p p er  su lfa te  
co n cen tra t io n  in th e  feed  m edium .
A ssu m p tio n
T he m axim al value for //maxt =  1 .2 5 8  hr'1 =  / / max ( a s  obtained from resu lts  in
tab le  4 .1 8 )
H ence / / m.x / //max =  Xd /  Xt
for fjmex va lues  w h ere  feed C u S 0 4 >  1O/vg/ml in m edium , 
and  X„ =  0  w h e n  D = pmax.
T hus  f jmBX / //max re p re se n ts  th e  p e rcen tag e  of cells th a t  are dividing.
Calculations, sum m arized  in tab le  A. sh o w  this  value to  range from 9 6 %  to  6 6 %.
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Calculations for cell ratio .




% Of fj'mn. - X , _
xd
Xn as  % of 
cells
1 0 1 .258  = 1 0 0 - -
15 1 .2 1 4 9 6 .5 0 1 .036 3.5
2 0 1 .075 8 5 .45 1.17 1 4 .55
25 0 .8 3 5 6 6 .38 1.5 3 3 .6 2
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